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“Whatever befalls the earth befalls the sons of the earth. Man did not weave the web of life; he is merely a strand of it. Whatever he does to the web, he does to himself.” 





"When we try to pick out anything by itself, we find it hitched to everything else in the Universe."




“The term `holistic' refers to my conviction that what we are concerned with here is the fundamental interconnectedness of all things. I do not concern myself with such petty things as fingerprint powder, telltale pieces of pocket fluff and inane footprints. I see the solution to each problem as being detectable in the pattern and web of the whole. The connections between causes and effects are often much more subtle and complex than we with our rough and ready understanding of the physical world might naturally suppose.”
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Food webs, the graphical depictions of feeding interactions between species, have long fascinated ecologist. They now occupy a key role in ecological science due to the unique perspective on the staggering complexity of natural systems that they provide. There have been several attempts at developing theories to explain the structural properties of these ecological networks, which have met with relatively good success. However, we are as yet lacking a mechanistic understanding of the processes that structure food webs.
Recently, in an attempt to address this, the focus of food web studies has shifted to the role of the individual consumer and whether we can scale from our understanding of foraging behaviour to predict the structural and dynamical properties of food webs.  As a result of this there has arisen a need for individual based models and empirical datasets to provide us with a firm foundation to scale across levels of ecological organisation.
In this thesis I demonstrate, using a mathematical model, how the foraging behavior at the level of individuals can provide us with novel and useful insights into the causes and consequences of patterns in food webs structure. I also present results analyzing a novel individual based data set to survey and enrich these links across levels of organization. My findings strongly suggest that understanding the variation of size structure among ecological networks requires knowledge about the causes of variation in individual foraging behaviour.  
Other work included in this  thesis demonstrates both how modelling foraging behaviour of individuals and its effects on food web topology alters our expectations about the likely consequences of extinctions in food webs. And finally how insights gained from modelling individual based foraging can enable us to build theoretical tools to compensate for the sampling effects that have dogged food web data sets. 
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Since near the beginnings of ecology as a science, food webs – caricatures of feeding interactions between species - have been constructed as descriptive devices used to assist us in fathoming the complexity of the interactions between organisms and thus deepening our appreciation of how nature works. It was the Italian Lorenzo Camerano who is credited with being the first person to produce a diagrammatic representation of the trophic interactions in an ecological community (Cohen 1994). However, the concept would need to be reinvented several times before it caught on.
In the 1920s, ecologists had begun to ponder the regularities present in food webs. In his book Animal Ecology, Charles Elton noted how rare it is for a food chain to contain more than four consecutive feeding links (Elton 1927, Warren 2005). He also brought to attention the size structuring apparent in most predator-prey interactions, such that predators tend to be larger than their prey, linking food webs to increasingly well established ideas of energy flow from small abundant species to larger less abundant species (Lindeman 1942). In addition to this, Elton was able to offer some suggestions as to what might be responsible for the patterns that he saw, postulating that perhaps some evolutionary constraints on body sizes or poor transfer efficiencies between trophic levels were potential limiting factors affecting the length of food chains.
While it may be too simplistic to say that nothing more was done following Elton’s pioneering work, many ecologists feel that little progress was made regarding food web theory until May’s analysis on the stability and complexity of communities in the early 1970s (May 1972, Lawton 1989, Dunne 2006, Bersier 2007). May’s findings spurred a substantial effort to re-examine existing data resulting in several efforts to compile multiple food webs into compendiums to test his predictions (e.g. Cohen 1978, Briand 1983). This renaissance in the study of food webs led to the discovery of many new patterns and drove the development of fresh hypotheses to explain these patterns.
In particular, two competing sets of theory emerged; these were the dynamical theory and the structural theory (Lawton 1989). The dynamical explanations based on the stability analysis of Lotka-Volterra claimed to account for most of the then accepted patterns (Pimm 1982). These included that stability should decline with complexity, omnivores should be rare and food chain lengths short (i.e. that there should rarely be more than four trophic links). Then, in 1985, Joel Cohen and his colleagues published the first of a series of papers in which they proposed an alternative, perhaps more general, but structural explanation. This was a model that, when given as parameters the number of species and the number of links, could then use simple rules for allocating links between the species: the species should be ordered in a hierarchy (e.g. body size) and should only be linked to those lower than themselves in the hierarchy. This then reliably produced networks that fit many of the empirical patterns. It was called the cascade model (Cohen and Newman 1985). 
In addition to these two major classes of theory, there continued to be additional explanations which also accounted for some of the patterns (see Table 1.1). Despite all these developments, many believed the twenty years of effort culminating in the early 1990s represented a research programme resembling a house built upon the sand. The data used to examine the patterns in food webs, inspiring the theory, and often used to test it had not been collected with the intention of actually testing the theory; it was collected in multiple ways, without standards.  As such it was perceived as inadequate for the task (Paine 1988, Hall and Raffaelli 1993). However, a renewed effort to standardise data collection and improve its quality was motivated in part by an influx of ideas from the study of complex networks (Dunne 2006, Petchey et al 2010) and the field of macroecology (Cohen et al 2003, Brown and Gillooly 2003, Yvon-Durcocher et al 2011, Petchey and Dunne 2012).  
The subsequent gathering of improved data now indicates that several of the earlier patterns seem to have been the result of artefacts in the data and methodological biases (Winemiller and Polis 1996, Goldwasser and Roughgarden 1997, Bersier et al 1999, Martinez et al 1999), and in their stead a new set interesting and robust patterns such as universal degree distributions (Camacho et al 2002, Dunne et al 2002a) and high levels of diet contiguity (Stouffer et al 2006, Stouffer et al 2011, Zook et al 2011) have emerged. Despite lingering doubts about the reality of some of the patterns, the hope that ecologists may be able to understand complex ecosystems based on simple rules still holds strong. Many deem the time as ripe for a new synthesis of the current theories provided to explain the patterns (Williams and Martinez 2000, Woodward et al 2005, Brose 2010).
 Table 1.1. Throughout the course of food web research here have been many types of explanation for the patterns in food web structure that can be divided into several discrete categories:

Dynamics	Those explanations that argue the patterns in the structure we see in nature are those that are stable and hence most likely to persist to the point of observation (Pimm 1982, Otto et al 2007, Stouffer and Bascompte 2010).
Structure	Those explanations that argue that there are rules which govern the placement of links between species (Cohen and Newman 1985, Warren 1995, Williams and Martinez 2000). This is normally assumed to be related to the fundamental niche space of species in the webs (Cohen 1978). Of late attempts have been made to link these ideas to the foraging behaviour of individual consumers (Warren 1994, Beckerman et al. 2006, Petchey et al. 2008, Costa 2009, Lazzaro et al. 2009).
Community assembly	The set of explanations that attribute the patterns either to assembly rules, colonization and extinction processes, or evolutionary changes to the traits (i.e. niche) of organisms (Warren et al 2003, Arii and Parrot 2004, Rossberg et al 2008, Louille and Loreau 2005).
Chance/ Maximum entropy	That the patterns are those one would expect form a null model (Kenny and Loehle 1991, Williams 2009)




1.2 A Synthesis of approaches 
In reality the boundaries between the explanations and frameworks for addressing dynamics and topology (Table 1.1) do blend over one another. The linear “history” described above hides several attempts at synthesis. It was appreciated at the time that dynamic and structural explanations were being developed that they were not mutually exclusive and if united they could perhaps allow us a good understanding of how ecosystems function (Lawton 1989, Pimm et al 1991). Cohen et al (1990) proceeded to construct the first combined model, the Lotka-Volterra Cascade Model or LVCM, in an attempt to achieve this goal. Whilst this was an important first step, it failed to become the foundation of a major change in how we understand food webs. This was largely due to the need for biological realism and empirical data which was lacking for both lotka-volterra parameters and topological patterns (Haydon 1994, Williams and Martinez 2000). 
The last two decades, however, has seen the development of new, more exact and realistic models of both dynamical interactions and structural features of food webs. Dynamic models moved from simple L-V frameworks to one centred on bioenergetic concepts (Yodzis and Innes 1992, Martinez et al 2006, Williams et al 2007, Otto et al 2007, Brose 2011). The bioenergetic model used allometric relationships to help constrain the number of free parameters in the models, and importantly link body size to the flow of energy flow and trophic structure.
The structural models have also undergone a recent revival. The Niche model (Williams and Martinez 2000) introduced the idea of niches for feeding on top of the cascade model. It successfully reproduces many aspects of even the most complicated food webs in the literature, again based on a few parameters and simple, probabilistic rules to distribute links (Williams and Martinez 2000). Several other models have offered refinements on the niche idea, although the niche model still is argued to be the most accurate (Cattin et al 2004, Stouffer et al 2006, Williams and Martinez 2008).  
According to a mathematical analysis of the niche model assumptions, two key features of the link distributions it creates are responsible for the Niche model success (Stouffer et al 2005). As with the cascade model, it requires a hierarchical structuring of species.  It also requires that the niche widths are selected from an exponentially decaying distribution. However, this then begs the question as to what determines those parameters and rules responsible for the distributions of links. These models, effective at capturing many properties of food webs, have been criticized as lacking an explanation of how or why they work.
The structural models therefore appear to work very well at one level of explanation but as of yet a reductionist approach to the mechanisms underlying its effectiveness has been missing. Beckerman et al 2006 offer insight into the drivers of food web complexity.  They identified foraging processes that give rise to estimates of the very parameters the niche models use (connectance).  Their Diet Breadth Model (DBM) essentially showed how the complexity in food webs arises from organism foraging behaviour.  Petchey et al’s (2008) extension of the DBM – the allometric diet breadth model (ADBM) - recovers/predicts much of food web structure using size based foraging. The ADBM attempts to explain the same patterns that niche model does in a more mechanistic (as opposed to statistical) manner whereby the links are distributed between species based on their relative sizes and constraints established by models of foraging theory (McArthur and Pianka 1966, Krebs and Stephens 1986). The DBM - ADBM has gone some way to elucidating the processes responsible for the success of the structural models.  
 As structural models gain a more mechanistic basis, centred around body size and foraging rules, a rapid and exciting unification between foraging behaviour and the bioenergetic ideas mentioned above (Brose 2010, Stouffer 2010, Petchey and Dunne 2012) are arising. The metabolic theory of ecology is playing a vital role in this connection as it provides a theoretical basis for many of the allometric relationships used (Brown et al 2004, Brose et al 2008, Yvon-Durocher et al 2011). The macroecological patterns found in studies of food web allometries will likely prove a useful guide (Cohen et al 2003, Brown and Gillooly 2003). Evolutionary models also focusing on body size are now being developing apace (e.g. Louille and Loreau 2005, Rossberg et al 2008) and emerging studies trying to look at the interplay between phylogeny, body size and food web structure are adding yet another strand to this exciting emerging synthesis (Rohr et al 2010, Naisbit et al 2011, Stouffer et al 2012 Naisbit et al 2012).
1.3 What next –foraging by individuals, extinctions, and sampling
The above paragraphs offer, I think, a positive outlook for food web research.  We are at a stage where dynamical and topological representations of food webs are more linked than ever, primarily through acceptance that foraging biology and associated traits drive links.  This brings together traits, allometry, dynamics and topology into a “unified” field.  However, there is still more to do.
It was with this in mind that I began work on my thesis with the aim of making further advances in our understanding of the foraging behaviour at the level of individuals and what consequences this holds for the structure of ecological networks.
There have been several recent empirical papers examining the nature of size-dependent functional responses and the allometric relationships that exist in the foraging behaviour of consumers (Aljetlawi et al. 2004, Vucic-Pestic et al 2010, Rall et al 2011, Kalinkat et al 2011, Beckerman et al 2010). Similarly, there has also been a recent suite of papers reporting the existence of macroecological allometric patterns in the topology of food webs (Cohen et al 2003, Otto et al 2007, Romanuk et al 2011, Digel et al 2011, Yvon-Durocher et al 2011). Yet hitherto, no attempt has been made to link these patterns and the different levels of ecological organisation on which they occur.
The work presented in Chapter 2 describes my efforts to explore whether the variation in community level allometries could be accounted for through variation in allometries of the foraging behaviour. To do this I assembled simulated communities using a modified version of the ADBM (Petchey et al 2008) in which species interactions are determined by allometric foraging rules of handling time and attack rates, as well as the particular distribution of body sizes. I systematically varied these three factors and examined their effects on three community level food web allometries; these were the generality - mass correlation, the vulnerability - mass correlation and the trophic height - mass correlation. The objective was to understand the variation of size structure among ecological networks as a function of variation in individual foraging behaviour.
Next, I turned attention to exploring how adopting an approach based on foraging behaviour alters our understanding of the consequences of species extinctions in food webs. Naturally enough, food web theory has always been concerned with the persistence of ecological communities, and many studies have examined the consequence of web structure on the causes and consequences of species extinctions (Brose 2011). Many studies examining this question have used dynamic models to investigate food web stability (Borvall et al 2000, Eklöf and Ebenman 2006, Stouffer and Bascompte 2010).
Another complementary approach that has proven popular is to examine the consequences of extinction in terms of the topological robustness of a food web (Dunne et al 2002b). Such studies focus on how the paths of energy flow between species are disrupted by extinction, and how cascades of extinctions propagate through a web. This line of research has shown that the order of extinctions is very important to how fast webs collapse, but also that the structure of food webs makes them particularly robust to random orders of extinction. 
However, both dynamical stability and robustness have been criticised for lack of realism, in particular because they do not account for adaptive diet shifts. As yet there have been relatively few studies of extinctions which have modelled the topological plasticity (i.e. rewiring) of a network in response to the extinction of its constituent species (Kondoh 2003, Staniczenko et al 2010). In Chapter 3 I built on the topological robustness approach, using the allometric optimal foraging model developed in Chapter 2, to explore the consequences of species adaptively responding (by altering feeding links) to loss of prey in size-structured food webs. When a species was removed from a web its consumers were either allowed, or not allowed, to rewire using the same foraging rules as were used to initially construct the web, and the robustness in both cases was compared. 
As focus in food web studies has shifted to the role of the individual consumer, there has arisen a need for individual based food webs which record data on the traits of the individuals involved in a particular feeding interaction, to allow the analysis of size structure with as little aggregation as possible, therefore providing us with a firm foundation to scale across levels of ecological organisation (Ings et al., 2009, Woodward and Warren 2007, Woodward et al 2010). In Chapter 4 my collaborators and I analysed a new generation of these individual based food webs, looking at the consequences of size structure in the predator:prey size ratios of individuals on the topology of food webs. Here I present a) the consequences of aggregation into lower levels of resolution on our perception of size structure in these systems and b) how the trophic structure of a food web depended on whether the individuals were grouped into nodes representing taxonomic classes or instead into size classes. 
During the analysis of these individual based food webs discussed in Chapter 4 it became apparent how prone even our most highly resolved food web data sets still are prone to under-sampling. As a consequence, it is plausible that some of the patterns observed in food web studies are either artefacts or are in some other way biased by the quality of the data. In Chapter 5, the final research chapter of my thesis, I aimed to synthesise and incorporate our knowledge of both the sampling process and foraging behaviour so as to correctly infer the underlying patterns in food webs from incomplete datasets. By simulating realistic sampling of computer-generated webs of differing characteristics, and then examining sampling curves for information on the way in which new links accumulate, I investigated whether we can provide an indirect tool to inferring the underlying relationship.
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2.1 Abstract




It is often the case in ecology that we want to understand how processes at one scale influence patterns at larger scales. Our attempts to uncover the mechanisms responsible for patterns in food web topology are a clear example of this aspiration. Studies into the causes of food webs patterns have often centred on organismal body size, which has long been considered to be of particular importance in structuring food webs (Elton 1927, Warren 2005, Woodward et al 2005a, 2005b). Initial studies into the ‘size structure’ of food webs tended to focus on the allometric relationships between predator and prey body sizes. Such studies noticed that when feeding interactions were expressed as a matrix with columns representing the predators and rows representing prey, both ordered by body mass, the majority of interactions in many food webs were found to lie on or above the main diagonal, giving rise to the term “upper-triangular food web” (Warren and Lawton 1987, Cohen 1989, Cohen et al 1993, Memmot et al 2000). This suggests that most predators are larger than their prey. Subsequent studies that examined consumer:resource ratios across many food webs from many habitat types found that predators tend to be between ten and a hundred times larger than their prey (Brose et al 2006). 
More recently, studies of size structure have begun to examine allometric relationships between species’ sizes and the topological properties of food webs, what we term community allometries. These include relationships between body mass and fundamental properties of food webs such as generality (the number of species that are prey for a particular species), vulnerability (the number of predators that prey upon a particular species) and trophic height (Leaper and Huxham 2002, Cohen et al 2003, Jennings and Warr 2003, Sinclair et al 2003, Jonsson et al 2005, Layman et al 2005, Otto et al 2007, Yvon-Durocher et al 2008, Akin and Winemiller 2008), which have been shown to be important for population dynamics and food web stability. These measures then are a direct way of assessing the contribution of body size to the structure of an ecological community.
The strength of these relationships varies considerably between different food webs. For example Cohen et al (2003) found a strong positive relationship between trophic height and body mass in the Tuesday Lake web whereas Layman et al (2005) found no relationship in the Cinaruco River web. Likewise, marked variation has been found in the strength of the correlation of mass with generality and vulnerability (Otto et al 2007). 
There are several possible reasons why such variation exists. It could arise as a result of sampling differences, as a result of differences in the dynamic, and hence topological, properties of different webs, or as a result of differences in the biological characteristics of the organisms which provide a link between their feeding behaviour and the emergent structure of the entire web. For instance consumer:resource body size ratios vary depending on consumer type (e.g. ecototherm, endotherm) as well as habitat type (Brose et al 2006).
There is increasing interest in, and evidence for, the role of the foraging behaviour of individuals in shaping food web topology (Warren 1994, Beckerman et al 2006, Petchey et al 2008, Costa 2009, Lazzaro et al 2009), with many of the characteristics of foraging behaviour themselves being directly linked to body size (Aljetlawi et al 2004, Woodward and Warren 2007, Brose et al 2008, Vucic-Pestic et al 2009, Brose 2010).  It seems logical, therefore, to investigate whether topological variation in food webs, in the form of particular community allometries, can be explained by plausible variation in the lower level individual allometries linking body size with foraging behaviour.
Another important possibility, which can be tested simultaneously, is that the variation in community allometries may result from differences in the body size distribution of the communities under examination (Woodward et al 2005b). To address these questions we used a modified version of the allometric diet breadth model (Petchey et al 2008). We varied the foraging allometries and body mass distributions input into the model to look for systematic changes in community allometries of the food webs created.
2.3 Methods
Our methods are based on modifying the ‘allometric diet breadth model’ (ADBM, Petchey et al 2008), which is an extension of the ‘diet breadth model’ (Beckerman et al 2006). These models predict the feeding links and connectance of food webs, respectively. They do so by first calculating the profitability (the energy gain per unit time) of each prey species for a consumer and then finding the set of prey species that maximizes each consumer’s energy intake rate, subject to time constraints in the form of encounter rates (λij) (the product of the attack rate of consumer j for resource i, and resource density) and handling times of consumer j for resource i (Hij). By assigning a diet to each consumer species, a food web is created with connectance linked directly to foraging traits (Beckerman et al 2006). To create realistic co-variation between the different parameters and generate plausible topology, the foraging traits in the allometric diet breadth model are related to the organisms’ body sizes (Petchey et al 2008). 
Consumers with a low value of λH (encounter rate x handling time) spend a long time searching and little time handling, and are therefore “generalists” with wide diet breadths. The converse is true when consumers have high values of λH (i.e. they spend a long time handling a resource). They can be thought of as “specialists” and will have narrow diet breaths. Thus, the direction and slope of the allometric relationships in λ and H should affect whether a species of a given size is a specialist or a generalist.
 We systematically varied the topological size structure of model food webs by altering the foraging behaviour of individuals (allometries of λ and H) and the species size distribution.  We modified, in a factorial fashion, five different individual allometries in the model.
 Firstly we altered the allometric exponents which determine the attack rate Aij of predator j on prey i, these are represented as ɑi and ɑj in the equation:
					(Equation. 2.1)
where Mi  and Mj are the mean mass of individuals of species i and j respectively and ɑ  is a scaling constant.
Secondly we varied the optimal body size ratio of a consumer, which determines what size prey has highest profitability for the consumer, through the scaling of handling time Hij of predator j feeding on prey i. The relationship between prey size and handling time is determined by parameter b in the equation
					(Equation. 2.2)
where h is a scaling constant.
Thirdly we modified the scaling of handling time by incorporating additional traits that influence prey vulnerability and predator efficiency independent of strict body size. The incorporation of additional traits allows diets to be non-continuous, as has been reported to be the case for empirical webs (Allesina et al 2008, Petchey et al 2008). We had the additional traits affect handling times, as additional traits in the attack rate function can never alter the profitability of the prey items. Resources would enter consumers’ diets in the same order, regardless of the attack rate function and thus the diets would have remained continuous. There is also good evidence in the literature that traits other than body size, such as shell thickness, body shape or gape width affect handling times (Boulding 1984, Ellis and Gibson 1997, Nilsson and Bronmark 2000).

The incorporation of these additional traits was achieved by adding two variables ti and tj to the equation  			
						(Equation. 2.3)
These two variables represent additional traits (whose effects are independent of one another) that influence how quickly a prey individual can be handled given its mass, or how quickly a consumer can handle prey individuals given its mass. The values of ti and tj were each drawn from a normal distribution with a mean of zero and standard deviation which was set by two additional parameters Ci (the standard deviation of the distribution of ti) and Cj (the standard deviation of the distribution of tj). Thus, if Ci = 0 and Cj = 0 only body sizes determine handling times; larger values of Ci and Cj reduce the importance of body size. The expression we used to inlcude the additional triats prevented negative handling times from occuring.
The fourth method we used to examine links between individual sizes and network topology was to alter the log standard deviation of the log normal distribution from which the masses assigned to each of the species were drawn (σ). The mean of the distribution was kept constant for all webs generated. 
Lastly we varied the connectance of the webs to gain an insight into whether the patterns we observe in the community allometries due to the other parameters are invariant to the number of links in the webs. This was achieved by adjusting the strength of the scaling constant in the equation used to calculate the attack rates (ɑ, equation 2. 1) (see Petchey et al 2008). The implications of fixing connectance were investigated, but it was found not to affect the overall conclusions (see Appendix I for details). This meant that in total there were seven parameters, ɑi , ɑj , b, Ci , Cj , σ and ɑ (used to determine connectance). We will refer to ɑ as connectance for the rest of the paper.
We assigned each parameter four values, these were taken from across a range of values estimated from eight well predicted food webs in Petchey et al (2008); see table 1 for values used. We then varied the values factorially and this provided 16,384 parameter combinations, carrying out twenty replicates of each combination to generate 327,680 webs on which to conduct our analysis.
The effects of these parameters on food web topology were measured as the Pearson’s coefficient of correlation (r) of three community level allometric relationships. Those of log mean body mass with each of generality (in degree of a node), vulnerability (out degree of a node), and trophic height (Williams and Martinez 2004).  These will be referred to as GMC (Generality-Mass Correlation), VMC (Vulnerability-Mass Correlation) and TLMC (Trophic Level-Mass Correlation) throughout the rest of the text.
Initial inspection of the data revealed that not all of the webs had the desired level of connectance. This was largely due to there being too few links possible given the constraints of particular parameter combinations. Technically, there were not enough predator - prey pairs for which               < b. We excluded from subsequent analysis all webs that were more than 10% away from the desired level of connectance. Less than 3% of the webs (8,911) did not meet this criterion. 
It was also not possible to calculate trophic height for just over two thirds of the webs because certain parameter combinations prevented the production of enough basal species, which are required to root the trophic hierarchy and calculate trophic level. The ADBM produces basal species only if there are species that, due to the foraging rules, are prevented from feeding on any other species in the network. It appears that in the majority of parameter combinations the food webs had no more than one basal species (if any). The analysis of TLMC is only carried out on 104,947 webs. The trends in GMC and VMC discussed below are qualitatively the same for the subset of webs for which we can calculate trophic level, however the exact distributions vary.
To answer the questions set out in the introduction we first plotted our three response variables (GMC, VMC and TLMC) for all values of each parameter. We then applied a classification and regression tree analysis (CART) on each of the response variables using the ‘R’ package ‘tree’ (Ripley 2007). This provided us with indications of the number of parameters necessary to explain variation in the response and we obtained an indication of which parameters account for more or less variation. It also gave a good idea of the interactions that can occur between the different parameters.


Table 2.1. The values for the four levels of each of the parameters used.













Table 2.2. The directions of the key trends in the three measures of size structure in response to the seven different variable parameters. An * signifies a contingent trend. A blank cell shows a combination of response and explanatory variable that did not occur in the relevant CART analysis.
	Parameter
Property	ɑi	ɑj	b	Ci	Cj	σ	Connectance






Lastly, we compared the model’s outputs to the topological size structure of sixteen empirical food webs that came from a variety of habitat types, including fresh water, marine and terrestrial environments (Petchey et al 2008, Brose et al 2005). This comparison was made by looking at the parameter values of the model webs that fell within two standard deviations of the mean values of VMC and GMC for the real webs. 
2.4 Results
2.4.1 The effects of varying parameter values on topological size structure
There were effects of each of the individual allometric parameters on at least one aspect of community size structure (Fig. 1). It was also apparent that the number of individual parameters necessary to account for the variation in each aspect of topological size structure differed greatly (Fig. 2). For TLMC, the variation in values could be accounted for by only three parameters (Ci, ɑj and σ) whereas VMC required all seven (see Fig. 2). The first split, which accounts for the most deviance, was ɑj (an attack rate allometry) for GMC, connectance for VMC, and Cj (which affected the handling times) for TLMC. In all three CART models (when using the default stopping algorithm) the deviance remaining to be explained was low, <6% for GMC, <11% for VMC and <1.5% for TLMC.
We now review the influence of different components of the individual allometries on each of the community patterns, (summarized in Table. 2).  We begin with the attack rate individual allometry, and then review the handling time individual allometry.  This is followed by the influence of input body size distribution metrics and connectance on community allometries.
2.4.2 Attack rate allometry effects
 As the value of ɑi increased, more webs were created with lower values of both GMC and VMC, by which we mean there was a shift in the median towards a less positive or more negative Pearson’s coefficient. There was little effect of ɑi on TLMC (Fig. 2.1).
Positive values of ɑj caused the GMC of the webs to become more negative, whereas only very few webs created with a value of ɑj less than – 2.233 had a negative GMC (Fig. 2.1). There was some evidence of a unimodal relationship between aj and VMC. Of the webs for which we could measure trophic height, increases in ɑj caused an increase in the value of TLMC. The CART analysis found ɑj to be the parameter with the largest effect on GMC, it was one of only two parameters found to be used in constructing the regression tree for all three CART analyses (the other being Cj) (Fig. 2.2).
2.4.3 Handling time allometry effects 
The handling time parameter, b, appeared to have very little effect on GMC, had a positive effect on VMC, and little effect on TLMC. This was also shown in the CART analyses, for example when b had a value of 0.003 it interacted with other parameters to result in more strongly negative values of VMC, compared to when b was greater than 0.003 (Fig. 2.2).
The parameter Ci (which affected how vulnerable a species was for its given body mass), whilst increasing the variance, caused only a slight positive increase to the median of GMC (Fig. 2.1). Although it did play an important role in determining whether the GMC would be strongly negative when ɑj was set at 1.7 (Fig. 2.2 and 2.3).  Ci did however have a large effect on the VMC, as it was increased the occurrence of negative correlations decreased, and the median VMC rose (Fig. 2.1). Whilst it is noticeable that the strength of TLMC decreased, it is worth bearing in mind that there were very few webs created with high levels of Ci for which we could calculate trophic height. This could be seen by the reduction in variation observed as the value of Ci increased (Fig.2.1) and may have biased the trend that we saw.
As noted above, Cj (which affected how easily a species consumed others for its given body mass) affected the allometries of all three topological properties (Fig. 2.1 and 2.2). For TLMC it was found to be the most influential, with larger values of Cj resulting in a weaker allometric relationship. It was also the case that as this parameter was increased there was a tendency towards less positive GMC. However, the opposite pattern was observed for VMC with the correlation becoming more strongly positive as the value of Cj was raised. 
2.4.4 Input body size distribution effects
The log standard deviation of the body mass distribution (σ) also affected the topological size structure of the webs. Webs of communities drawn from narrower distributions tended to have 










































Figure 2.2. (next page)  The results of the classification and regression tree (CART) analysis for each of the three topological allometries (GMC, VMC and TLMC) used as response variables. The first number at the terminus of a branch indicates the mean value of the response following partitioning of the data in the manor specified by the tree, the second number in bold is the fraction of replicates represented at that node. The threshold above each node indicates the split criterion used to separate the data. Con stands for connectance.


indicated that the lowest value of σ produced webs with more positive TLMC than higher values, if Cj was also set at 2.5 or less (Fig. 2.2 and 2.3).
2.4.5 Connectance effects
Lastly, connectance had a clear effect on the size structure of the webs, with larger values of connectance resulting in more positive values of GMC and more negative values of VMC (Fig.2.1). Indeed, connectance was found to be the most important factor in determining the VMC value of a web (Fig. 2.2). Our factorial exploration suggests that some individual allometry components affect only one aspect of community size structure, e.g. altering the strength of b only affected VMC (Table. 2.2). In contrast, another individual allometry component affected two aspects of community allometry in the same way, increasing ɑi led to a decrease in both VMC and GMC (Table. 2.2).
Finally, altering the value of some parameters could decrease one aspect of size structure whilst another aspect increased, e.g. an increase in the value of Cj decreased the value of GMC (as there was larger scope for some species to be excellent or poor consumers for their given body mass), while VMC increased in its strength (Table. 2.2).
Our analysis also revealed that the effects of parameters could be contingent on values of other parameters; the direction of the trend of a particular topological allometry with varying a parameter could depend on the value of another parameter. As mentioned above Ci’s effects on GMC were contingent, overall there was little effect of Ci on GMC but when ɑj was set at 1.7, then higher values of Ci resulted in higher values of GMC (Fig. 2.2 and 2.3). This indicates the importance of interactions between the foraging allometries as well as with the body mass distribution of the webs (Table. 2.2).
2.4.6 Comparison of model results and observed patterns







Figure 2.3. The contingent effects on the trends in GMC and TLMC picked up by the CART analysis. Panels a. and b. show how the trend in GMC caused when changing Ci is altered by the value of ɑj. Panels c. and d. show how the trend in VMC caused when changing σ is altered by the value of Cj. The boxplots are drawn in the same way as in figure 2.1.


Nearly 16% of all 327,680 webs (51,614), arising from 48.7% of all 16,384 parameter combinations (7,985 unique parameter combinations) lay within two standard deviations of the mean values of VMC and GMC of the real webs (Fig. 4).  Most unique model parameter combinations were found to only be represented in the range of variation specified by the real webs by a single replicate (Appendix I Fig. 3a). However, when instead we looked at to which parameter combinations the model webs (found within the variation of the real webs) belonged, we saw that the model webs belonged to those parameter combinations where the majority of replicates were represented (Appendix I Fig. 3b). 
Furthermore, if we examined the frequency of the different parameter values in the parameter combinations that were more likely to have a large number of replicates represented in the range of variation specified by the real webs, we found that some parameter values were much more highly represented (Fig. 2.5). For example for parameter combinations that had all twenty replicates present, the parameter values with the highest frequency were ɑi = 1.24, ɑj = -4.2, Ci and Cj = 0 or 2.5, b = 0.003, and connectance = 0.05. Values of σ were all similarly represented except webs where σ = 2.2 which were slightly rarer. We therefore surmised that it was these parameter values which gave rise to model webs with values of GMC and VMC most like those of real webs.
2.5 Discussion
Variation in individual foraging allometries can potentially offer an explanation for the community level, topological food web allometries. The different individual foraging allometries have important and distinct effects on community level allometries. For example the parameter with the most effect on GMC was ɑj whereas the parameter with the most effect on TLMC was Cj. Foraging allometries can affect either only one aspect of size structure (e.g. b’s sole effect on VMC) whilst others simultaneously affect several community level allometries (such as ɑi’s effects on both VMC and GMC).
In addition, the shape of the body size distribution has important consequences for the structure of food webs.  Our simulations and analysis suggest that the body size distribution influences community allometries via its interactions with foraging allometries.
So why is it that we see these patterns? Organisms that spend a long time searching will be “generalists” with wide diet breadths, and those that spend much time handling will be “specialists” with narrow diet breadths (Begon et al 2006). A positive value of GMC will thus

Figure 2.4. The strength of the Pearson’s coefficient of correlation for the allometric relationship of generality against log body mass (GMC), plotted against the Pearson’s coefficient of correlation for the allometric relationship of vulnerability against log body mass (VMC). Grey dots are all the webs generated in the model used in the analyses and the black dots are values for 16 empirical webs. The box around the empirical webs encapsulates the area two standard deviations around the mean GMC and VMC for the real webs. The key for the empirical webs is as follows: 1. Benguela; 2. Broadstone; 3. Broom; 4. Carpinteria; 5. Caricaie Lakes; 6. Coachella; 7. EcoWEB 41; 8. EcoWEB 60; 9. Grassland; 10. Mill stream; 11. Small Reef. 12. Sierra Lakes; 13. Skipwith Pond; 14. Tuesday Lake; 15. Ythan; 16.Weddell Sea.


 result if the larger species are predominately searchers and the small species handlers.  In contrast, a negative value of GMC would be the result of the opposite situation. Thus, the trends we see in GMC reflect whether the parameter combinations result in predominantly smaller or larger organisms with the largest diet breadths.
For example, increasing ɑj decreases GMC, at first because the difference between the low attack rates of the larger consumers compared to smaller consumers decreases (as the value of ɑj becomes less negative), and then because the smaller organisms begin to have lower attack rates than larger organisms (as the value of ɑj becomes positive). Thus the smaller predators have lower encounter rates and therefore are searchers with wide diet breadths, whereas the larger consumers now have higher encounter rates and will be specialists. 
A species’ vulnerability results from the overlap of predators’ diet breadths, and the value of VMC will therefore depend on whether smaller or larger species are more likely to be part of many diets. A positive value of VMC would mean that large prey are more likely to have many shared predators than small prey, whereas a negative value would result if small prey had more predators. For example, as Ci increases the standard deviation of the distribution of the secondary traits other than body size widens. This means some species become much easier or harder to consume for their given body size and diets when ordered by body size are no longer continuous. VMC becomes more positive as Ci increases because a few large species now have much lower handling times. As large species are more energetically valuable, smaller species that can now feed on larger prey do so to maximize their energy intake.  This results in some of the larger species having many predators and the smaller species being incorporated in the diets of fewer predators.
The trends we see in TLMC can also be accounted for. For example, as Cj increases, some consumers become better at feeding on resources larger than themselves. In the same way that changes in Ci affect VMC, when permitted, the smaller predators will feed on the larger species with the higher energetic content, meaning that a smaller predator can now hold a higher trophic position and the correlation between mass and trophic level is lost.
2.5.1 Links to real food webs
Our attempts to link the patterns found in the simulated food webs to those found in real food webs revealed some intriguing findings. Model webs with similar size structure to real webs tended to have low values of Ci which suggests that prey traits other than body size that affect handling times appear unlikely to determine food web structure. Values of Ci near zero create webs containing consumers with close to continuous diets (i.e. the webs were almost, but not completely, interval), this is consistent with the patterns in diets found in empirical webs (Stouffer et al 2006). However, it was found that the model webs could have larger values of Cj suggesting that predator traits other than body size affecting handling times may more important to trophic structure
We also note that our model suggests that attack rates of predators in a community will more often scale negatively with their body size, such that larger predators have lower attack rates, and that the opposite should be true of the relationship between a prey’s body mass and attack rate (See Fig. 2.5). A number of studies report a hump-shaped relationship of Aij with variation in Mi and Mj (reviewed in Brose 2010). Investigating the consequences for food web structure of a hump-shaped scaling of attack rates with predator:prey body size ratios would be very interesting, but is not necessary to substantiate the general conclusions that we find regarding links between individual-level allometries, body size distributions, and food web structure. 
Interestingly the results from our model can be interpreted as suggesting that food webs should be characterised by larger rather than smaller predator:prey mass ratios, consistent with empirical findings (Brose et al 2006). The parameter combinations producing model web structures similar to real webs were most likely to have a value of b = 0.003 (Fig. 2.5).  This was the lowest value of b, which caused the largest minimum difference between predator and prey sizes, roughly two orders of magnitude. However there were no intermediate values of around one order of magnitude with which to compare, as the other values of b used only set minimum prey sizes within the same order of magnitude as the predator.

2.5.2 Body size distribution and food web topology








Figure 2.5. Graphs showing the over- or under-representation of parameter values occurring within the region of GMC and VMC that includes the real food webs (i.e. the rectangular box in figure 2.4). Displayed in each panel is the proportion of parameter combinations (y-axis) represented by a particular number of replicates (x-axis). Con stands for connectance. 


distribution and connectance, but its shape may also determine which prey items consumers are likely to share (vulnerability). Future studies of size distributions should be very rewarding. 
2.6 Conclusions
In the future it should be possible to make additional developments to mechanistic models like the one presented here. These include the incorporation of co-variation between the additional traits or the use of different functional descriptions of attack rates or handling times.  This will further enhance our understanding of why real food webs are constrained in their different aspects of size structure. More accurate values for the individual allometric relationships and the variation among values in different communities are vital, as is quantifying co-variation with other traits. Achieving this will allow us to make more effective cross system comparisons of the effects of body size on ecosystem structure and function and finally enable us to identify the key traits or important phylogenetic relationships responsible for structuring food webs.
One particular challenge which will need to be addressed in these mechanistic models is a way to include basal species in the community. At present the ADBM (including the modified version presented here), and other more stochastic structural models such as the cascade, niche and nested hierarchy models, produce basal species as a consequence of the same set of rules that produce the feeding links (Cohen and Newman 1985, Williams and Martinez 2000, Cattin et al 2004, Petchey et al 2008). There is no obvious biological explanation as to why we should expect this to be the case, and indeed these structural models’ greatest weakness when tested with empirical data is their considerable underestimation of the number of basal species (Williams and Martinez 2008). One might expect there to be a different process determining the number of autotrophs in a community, which in turn could influence the number of herbivorous interactions.
To conclude, there appears to be a strong possibility of links between community level food web topology allometries and those at lower levels of ecological organization such as foraging behaviour allometries.  Importantly, these relationships appear to be mediated by the distribution of body sizes in a community. Effort should now be directed towards quantifying the form of and variation in these individual and community allometries, as well as developing an understanding of what determines the body mass distribution of a community.
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3.1 Abstract
Over the past decade, attempts have been made to characterise the factors affecting the robustness of food webs. Many studies have been carried out using a “topological” approach, in which secondary extinctions in ecological networks are determined by the structure of the network alone. These studies have led to numerous insights; for example how robustness is highly dependent on the order of extinctions, the fraction of basal species, as well as the connectance of the webs.  But there has been criticism of these investigations for their lack of biological realism, such as the inability of species to alter their diets when species are lost, or the reliance on the criterion that a species only suffers a secondary extinction once it loses all its resources. Here, building on past approaches, we address these issues by introducing allometric optimal foraging theory to explore the consequences of species adaptively responding (by altering feeding links) to loss of prey in size-structured food webs. We also explore the effect on robustness of a secondary extinction criterion based on a threshold of energy loss, rather than merely the absence of a connection to at least one prey. We show that both rewiring and energetic extinction criteria greatly affect the robustness of model food webs, and that these new factors interact with each other as well as with the body mass distribution of the community, to shape the complexity-robustness relationship.
3.2 Introduction
 The extinction of a species does not solely entail the loss of a unique evolutionary entity but also the loss of the ecological linkages in which it is involved. With the loss of a species the nexus of species interactions begins to disassemble, bearing potentially serious consequences for other members of the assemblage (Montoya, Pimm and Solé 2006, Bascompte and Stouffer 2009, Brose 2010). As Earth is currently experiencing exceptionally high rates of extinction (largely because of anthropogenic causes), ecologists have begun attempting to predict the consequences of species loss for our planet’s ecosystems (Pereira, Leadley, Proenca, Alkemade, Scharlemann, et al. 2010, Hoffman, Hilton-Taylor, Angulo, Bohm, Brooks, et al. 2010).
We can describe ecological systems as networks, in which the nodes represent species with directed edges between them signifying a particular type of interaction, such as consumption (Dunne 2006). At the beginning of the last decade Albert, Jeong and Barabási (2000) clearly demonstrated the relationship between the robustness of a network and its structure, inspiring ecologists to apply similar methods to data from food webs – networks in which the links represent one species feeding on another (Solé and Montoya 2001, Dunne, Williams and Martinez 2002). The technique used in these papers was to progressively remove nodes from a network until the network collapsed to a pre-specified species richness. Nodes were disconnected either randomly or sequentially based on some topological property (e.g. the number of links a species has to others, or the species trophic level). If a species was left with no links to prey items, then it too would become extinct; therefore the loss of one species could trigger a cascade of further secondary extinctions. Robustness then is a measure of the likely occurrence of secondary extinctions following the loss of a species. It was discovered that food webs were generally more robust if species were removed at random, or if specialists (species with few links to prey) were removed first, but less so when generalists (species with many links to prey) were removed first. A more connected food web was generally a more robust food web (Dunne et al. 2002). 
 Many subsequent studies have expanded upon these ideas of the topological robustness of food webs (e.g. Allesina and Bondini 2004, Dunne, Williams and Martinez 2004, Allesina and Pascual 2009, Dunne and Williams 2009, Gilbert 2009). However, concerns have been raised regarding the biological realism of the assumptions underlying such studies. Some have already been addressed, such as the use of increasingly realistic extinction orders (Srinivasan, Dunne, Harte and Martinez 2007, Coll, Lotze, and Romanuk 2008), yet others remain largely unaddressed, such as the lack of an adaptive response by other species in the web to an extinction (Staniczenko, Lewis, Jones and Reed- Tsochas 2010), as well as the lenient criterion that a species has to lose all its prey items before extinction occurs. 
 Whilst adaptive behaviour of species is increasingly recognised as important to food web structure and stability (Valdovinos, Ramos-Jiliberto, Garay-Narvaez, Urbani and Dunne 2010), only one study to date (Staniczenko et al. 2010) has addressed the consequences of what has been termed the “structural dynamics” of food webs for their topological robustness. This is the concept that the topology of a food web is not fixed and therefore it can rewire following the loss of a node, due to the adaptive behaviour of the species that comprise the web. “Structural dynamics” in this sense is a discreteization, to allow us to more easily model change in a food web’s topology, which does not include population dynamics. Of course, in nature there will be a continuous rewiring process, as species adjust their diets in response to changes in abundances of other species in the community (Kondoh 2005a). 
 In the study by Staniczenko and colleagues, food webs were rewired using an algorithm meant to represent a discretized mechanism of competitive release. Following the extinction of one of its competitors, a consumer might expand its diet to include a prey that it had previously been prevented from including in its diet. Another mechanism, different to competitive release, by which rewiring could occur, the consequences of which have yet to be investigated, is that of optimal foraging (McArthur and Pianka 1966, Emlen 1966, Beckerman, Petchey and Warren 2006). In the discretized optimal foraging scenario, a consumer species forages on the subset of possible prey items that provides it with the highest net energy intake per unit effort, forgoing those prey that are less favourable for those that are. Following the loss of its preferred prey item a predator may expand its diet (its realised niche) to include novel, but energetically less favourable, prey items from the set of possible prey that comprise its fundamental niche (i.e. those prey species that the predator could physically consume). The predator can expand its diet to the point at which the newly included prey items again maximise its net intake.
Recent approaches in the mechanistic modelling of food web structure (Petchey, Beckerman, Riede and Warren 2008, Chapter 2), allow examination of the influence of food web rewiring following species extinctions on web robustness, using the principles of optimal foraging. An additional consequence of this approach is that it allows us to relax another of the unrealistic assumptions underlying previous studies of topological robustness: the criterion for secondary extinctions. Rather than allowing a species to persist when it has at least one prey item, we can use a threshold based on the species’ energy intake, modelling the energetic criterion sometimes underlying extinction (Wright 1983, Evans, Greenwood and Gaston 2005). For example, using a model that included population dynamics, Borvall, Ebenman and Jonsson (2000) demonstrated how a generalist which lost just one of its prey to extinction could follow the same fate whilst still having other prey available. Here we use the approach described above to address four questions: (1) How is robustness affected by rewiring resulting from optimal foraging? (2) How is robustness and the effectiveness of rewiring affected by varying the energy threshold at which a species goes extinct? (3) How is robustness affected by changing the body mass structure of the food web? (4) What effect do these processes have on the complexity-robustness relationship?
3.3 Methods
3.3.1 Dataset
We used a modified version of the Allometric Diet Breadth Model (ADBM; Petchey et al. 2008, Chapter 2) to create a large number of model webs. This model assigns feeding links between species in a food web using an optimal foraging mechanism. It first cal​culates the profitability (the energy gain per unit time) of each prey species for a consumer and then finds the set of prey species that maximizes each consumer’s net energy intake rate. The consumer decision is subject to time constraints in the form of encounter rates (the product of the attack rate of consumer j for resource i and resource density) and handling times of consumer j for resource i. By assigning a diet to each consumer species, a food web is created with connectance linked directly to foraging traits (Beckerman et al. 2006). To create realistic co-variation between the different parameters and generate plausible topologies, the foraging traits in the allometric diet breadth model are related to the organisms’ body sizes (Petchey et al. 2008) and to additional traits that affect foraging ability and vulnerability (Chapter 2). 

Each of the model webs contained 40 species (every species had an associated body mass and abundance), the webs also had a particular value of connectance close to either 0.05, 0.1, 0.2, or 0.3, and a body mass distribution with one of four shapes (log normal distributions with standard deviations of either 2.2, 5.1, 7.9 or 10.8). The model webs were created in such a way that connectance was independent of the shape of the body mass distribution.

 To improve the similarity between the model webs and empirical data we had two criteria for choosing the subset of webs for this study. First, we selected webs where the generalism- and vulnerability-mass correlations of the model webs were within two standard deviations of the mean values of a data set of sixteen empirical webs (generalism is how many prey a species has and vulnerability is how many predators; see Chapter 2 for more details). Second, we required that at least 10% of the species in the webs should be basal species. A third criterion of ensuring that the webs were within 10% of the target connectance was introduced so that there were clear connectance groups as mentioned above for subsequent analysis. Each of the selected 19,224 webs had a fixed mass and fixed abundance associated with each species which remained unchanged throughout the robustness simulations. 

A set of 4,000 random graphs was also constructed, to look at the null expectation of the effect of introducing energetic thresholds on the robustness of a network.  One thousand randomly wired webs were created for each of the four levels of connectance. Each link in these webs was assumed to contribute equally to a consumer’s diet (i.e. for a predator with two prey each provided half its intake).  These webs were exempt from the rewiring treatment.
3.3.2 Simulations
 This study was a fully factorial, in silico experiment to measure the robustness of the model webs. As in previous studies into the topological robustness of food webs, the first action was to remove a species from the web, simulating a primary extinction; in the present study, species were removed at random. Under some treatments, this primary extinction was followed by a rewiring process (see below). Finally, each remaining species in the food web was examined to determine whether it met a particular threshold of energy intake; species that failed this test were removed, and this event was termed a secondary extinction. This process of primary extinction, rewiring and energy intake-based secondary extinctions was repeated until the species richness of the web dropped below 25% of the original species richness. As this model did not include population dynamics the mass and abundance of each species remained unchanged by extinctions.
 In our experiment there were two treatments: the possibility, or not, of the species in the web rewiring following extinction (two levels, see below) and different energy requirement thresholds that must be met or exceeded for the species to remain viable (four levels, see below). We implemented thirty replicate random extinction sets, on each of the eight treatment combinations for each of the 19,224 webs. For each web under every combination we calculated the mean robustness of the 30 replicates, (see section “Calculating robustness”). 
3.3.3 Rewiring treatment
 Rewiring was the process by which species in the food web could adapt to changes in the web’s structure. If rewiring was not allowed, the simulation looked for species that did not meet their energy requirements following an extinction event and no species had a chance to compensate for their loss of prey by expanding their diet. 
 If rewiring was allowed, then following any extinction event, before looking at whether other species now fell below their required energy threshold, extant species in the web were allowed to expand their diets to include previously uneconomical species in order to compensate for the loss of species in their diet and thus energy intake. This was achieved by re-running the modified ADBM model (Chapter 2) to re-generate the food web network with the new set of species (the original set minus those removed), and a new web was created within the allowed constraints of the model (i.e. diets could only be expanded if this increased the net energy intake of the consumer). The mechanism used to rewire the food web was therefore the same mechanism that was initially used to build the food web. This process meant that any affected species could alter their diet during the rewiring phase. 
3.3.4 Energy requirement threshold treatment
 We introduced a new criterion for when a species became secondarily extinct based upon energetic principles. This allowed us to relax the assumption in previous studies that species only go extinct once they lose all their prey items. These thresholds can be thought of as a way of adjusting the susceptibility of a species to the loss of its prey items. The lower the threshold, the less energy needs to be lost before extinction occurs.
 Energy requirement thresholds are expressed as percentages of the energy intake of each species in the food web before any species have been removed. For the model food webs, this is the energy intake value optimised by the ADBM (Petchey et al. 2008), and is therefore already part of the modelling process used to create the food webs. For the random networks each link to a prey item contributed equally to the energy gained by a consumer. So, for a consumer feeding on two prey species the loss of one of those meant a loss of half its intake. In this study there were four thresholds investigated: a 10%, 40%, 70% and 100% loss of a species’ original energy intake. 100% is equivalent to the criterion that a consumer goes extinct only if all possible prey are unavailable, and is therefore considered to be the most lenient. A given threshold was applied to all species in the web, i.e. if the threshold was set at a severe 10%, then any species in the web which following an extinction event had less than 90% of its original energy intake would be removed and deemed to be a secondary extinction.
3.3.5 Calculating robustness
Robustness (R) was calculated in the following fashion:
 
Where N is the number of primary extinction events required to reach a species richness less than or equal to 25% of the original species richness of the web (40 species) and S is the number of species which need to be lost to reach 25% of original species richness. As all species in these webs had 40 species, the denominator in our equation was always 29. This resulted in a measure of robustness between zero and one. A value of zero meant that following the first primary extinction the rest of the web collapsed due to secondary extinctions. A robustness value equal to one meant that no secondary extinction events occurred before the web was reduced to 25% of its original species richness. The fewer secondary extinctions there were, the more robust the web.
The effect of rewiring was measured simply as the difference between the mean robustness of a web with rewiring allowed and the mean robustness without rewiring:
∆R = R-rewire – R-no-rewire	 	
As each web had the same number of species, a change in R always corresponded to the same number of species suffering secondary extinctions; i.e. a 0.1 change in robustness between webs, or between treatments, is equivalent to approximately three species.
3.4 Results
Both rewiring and energy requirement thresholds were important to the robustness of the model food webs. Decreasing the threshold from 100% to 10% reduced the webs’ robustness dramatically (compare panels (A-D) or (E-H) in Fig. 3.1). Rewiring could increase robustness and was especially effective for lower values of connectance (Fig. 3.2). Rewiring was effective at increasing the robustness for lenient extinction thresholds, but almost ineffectual at severe thresholds (compare panels (A-D) in Fig. 3.2). The mean robustness of the 30 replicates decreased in 23% of the simulations where rewiring was allowed (compared to when rewiring was not permitted); in these cases there was typically only a small decline in robustness and this was probably the result of stochasticity associated with the random extinction sequences.
The severity of the energy threshold had important implications for the relationship between the connectance of a web and its robustness, both with and without rewiring. When rewiring was absent and the threshold was lenient (100%), then it was observed that the greater the complexity of the web the higher its robustness (Fig. 3.1A). As the energy threshold became more severe (<100%), this pattern went into reverse until the least connected webs were those that are more robust (Fig. 3.1D). This reversal is due to comparatively much larger decreases in the robustness of the more highly connected webs. This pattern of reversal in the complexity-robustness relationship with increasing severity of threshold was also seen in the random networks (dashed lines in Figs. 3.1 A-D).
When allowing rewiring, it was found that webs at all levels of connectance have similar (almost maximal) robustness when the threshold is lenient (due to the large increase in robustness of the less connected webs caused by rewiring). However, at the more severe thresholds the pattern is more similar to that for no re-wiring. That is, a negative relationship between connectance and robustness is observed (compare panels (E-H) in Fig. 3.1.) 
'The standard deviation of the body mass distribution also affected the robustness of the webs. The distributions with the largest standard deviations typically were less robust, both with and without rewiring (Fig. 3.1). At the most lenient energy threshold (100%), the amount of increase in robustness due to rewiring also depended on the body mass distribution; the distributions with the largest standard deviations experienced the largest increase in robustness (Fig. 3.2A), probably reflecting the greater scope for increase due to their initially lower robustness. A clear pattern of reversal in the connectance-robustness relationship can be seen in webs from across all the body mass distributions examined (Fig. 3.1). 
3.5 Discussion
Our study indicates that food web robustness is influenced by the capacity for adaptive foraging to rewire the web, the amount of energy species can afford to lose, the distribution of body masses in the web, and the connectivity of the web. Allowing adaptive foraging can 
Fig. 3.1. The relationship between connectance and average robustness of the webs when rewiring was not allowed (A-D), and when it was allowed (E-H). The different lines in each plot represent webs from the four body mass distributions, whose standard deviation is given in the legend in panels D and H. The black dashed line in panels A-D represents the mean robustness of the random graphs. The different panels in each column are for the different levels of the energy threshold, the loss of more than which resulted in a secondary extinction.
increase robustness, but the more severe the energy loss threshold and more connected the web, the less effective was rewiring. On top of this, introducing an energy threshold decreases robustness. We also found that the greater the standard deviation of the community body mass distribution, the less robust food webs tended to be. And lastly, that at certain energy thresholds the complexity-robustness relationship reverses from positive to negative due to a dramatic decline in the robustness of highly connected webs. The interaction between trophic structure and foraging theory suggests possible explanations for these patterns:
Adaptive foraging is less effective at increasing robustness at severe energy thresholds. 
Sufficiently good replacements are hard to come by; if adaptive foraging is to be effective a species must be able to recoup the energy it has lost in order to remain above the extinction threshold. If the threshold is severe there will be fewer suitable species that a consumer can switch to so as to fulfil this criterion.
Adaptive foraging is less effective at increasing robustness for highly connected webs.
There are no replacements left if you already eat everything; in high connectance webs, consumer species will already be feeding on a large proportion of potential prey (diet breadth is high when connectance is high). Therefore, following the loss of a prey species, there will be few options for a consumer species to add to their diet, thus their likelihood of extinction is little changed and the web’s robustness is left unaffected. On top of this, in the cases where high connectance webs already have higher robustness than less connected webs, there is less scope for adaptive foraging to improve the robustness. Therefore the absolute increase in robustness will likely be smaller.
Webs with broader body mass distributions are less robust.	
Stronger size-structuring increases risk; body mass distributions with larger standard deviations result in the webs becoming narrower and taller with longer food chains. We find that the mean trophic level of webs increases with the standard deviation of the body mass distribution. These longer chains result in dependencies of the species elevated in the trophic hierarchy on those that are below them, potentially reducing robustness as the loss of the lower species will cascade up the chains. 
More connected webs are the least robust when the energy requirement threshold is stringent.
 Links can become a liability; in a highly connected web, each species is more exposed to the 

Fig. 3.2. The relationship between connectance and average difference in robustness of the webs between when rewiring was and was not allowed. The different lines in each plot represent webs from the four body mass distributions, whose standard deviation is given in the legend in panel (D). The different panels are for the different levels of the energy threshold, the loss of more than which resulted in a secondary extinction.


removal of another species. When the threshold is lenient (100%) losing energy is unimportant and each link acts as insurance, increasing the web’s robustness (Dunne et al 2002). But at severe thresholds, loss of energy intake becomes crucial, and in highly connected webs the removal of one species will cause many species to lose part of their energy intake. Thus, there is a greater opportunity that there will be species that fall below their threshold. Their removal will in turn result in a large number of other links being removed, triggering a cascade of extinctions that will propagate more rapidly than in a less connected web. That the same patterns as we report for the ADBM food web networks are observed in the random graphs, suggests that this is a phenomenon likely to appear in many types of network and is not a peculiarity of our choice of model. Hence, even if the exact mechanism proposed proves incorrect, the finding that the form of the robustness-complexity relationship of a web will depend on the sensitivity of consumers to loss of prey, is likely to hold in general for ecological networks. Indeed, our findings here are consistent with studies on secondary extinctions that also included population dynamics. For instance, Eklöf and Ebenman (2006) showed that the loss of species to secondary extinctions was proportionally greater in densely connected webs compared to sparsely connected ones.
 Despite our relaxation of many original assumptions of robustness studies, and including new features of species and webs in our research, there remain a number of opportunities and questions. For instance, in favour of simplicity, this study only examined the consequences of energy thresholds and rewiring for the robustness of webs in response to random extinction sequences. There is good reason to believe that species loss will not occur at random in nature (McKinny 1997, Cardillo, Mace, Jones, Bielby, Bininda-Emonds, et al. 2005, Srinivasan et al. 2007), a useful next step would be to investigate the consequences of our treatments for other extinction sequences, perhaps based on trophic level, body mass or diet breadth (Curtsdotter, Binzer, Rall, Elköf, Riede, et al. 2011). 
 An additional simplifying assumption made in our analysis is that of an equal extinction threshold shared by all species. It’s perhaps likelier that different species will be susceptible to different levels of resource loss. Such variation could depend on a species’ population size or trophic level. It would therefore be worth investigating how the patterns reported here vary when such heterogeneity is introduced. Alternatively, studies of robustness with models including population dynamics would not need to introduce such thresholds, as extinction in such models will depend on an imbalance between metabolic losses and consumptive gains (Curtsdotter et al. 2011).




The relationship between the topology and robustness of a food web appears not to be a simple one. Links to other species have the potential to act as liabilities as much as insurance. We must therefore value our knowledge of species’ energetic requirements as highly as we do our understanding of the architecture of ecological networks, if we are to be able to judge an ecosystem’s resilience to extinction. We must also realise that rewiring due to adaptive foraging may not be a panacea for maintaining ecosystem robustness to species loss, as there may well be substantial limitations to its effectiveness, such as those suggested by our findings. That said, other studies suggest that incorporating topological rewiring in dynamic food webs may have a crucial role in increasing a food web’s persistence. Future studies must aim to further elucidate the relationships between these key factors.
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When dealing with the apparently bewildering complexity encountered in nature, ecologists have traditionally viewed multispecies systems (communities, food webs, ecosystems) through some kind of simplifying prism, usually by focusing on taxonomy or body size, but rarely both. The analogy of the ‘‘entangled bank’’ was first coined by Darwin in The Origin of Species (Darwin, 1859), and modern ecology has unveiled evermore complex networks of interactions since Camerano’s (1880) first depiction of a recognisable food web over a century ago. Traditionally, food web ecology has focused on structural patterns (e.g. connectance) and dynamic processes (e.g. network stability) from a species-centric perspective, reflecting the field’s roots in community ecology. More recently, the role of body size in influencing both these properties has come to the fore (e.g. Berlow et al., 2009; Brose et al., 2006b; Cohen et al., 2003; Layer et al., 2010b, 2011; Loeuille and Loreau, 2005; McLaughlin et al., 2010; O’Gorman and Emmerson, 2010; Petchey et al., 2008; Reuman and Cohen, 2005; Reuman et al., 2009; Woodward et al., 2005a,b). In parallel, a range of size-based approaches to understanding multispecies systems that are independent of taxonomy have been used in applied disciplines, such as commercial fisheries science (Jennings et al., 2002, 2007), and these too have been very successful at capturing a large amount of ecological information in a single dimension: individual body size (Petchey and Belgrano, 2010). However, both size- and species-based approaches have rarely been applied to the same system simultaneously (but see Brown et al., 2011; Layer et al., 2010b) and fewer still have done so from an individual-based perspective, as we do here (but see Woodward et al., 2010), despite the fact that interactions among organisms happen at this level of organisation. 

4.2.1 The allometry of trophic relations

 The size range of all living organisms spans more than 23 orders of magnitude, with the blue whale and giant sequoia weighing more than 108 g and the smallest phytoplankton weighing less than 10 -15 g (Barnes et al., 2010; McMahon and Bonner, 1983; Peters, 1983). Within-species size variation can also be considerable (Ebenman and Persson, 1988; Hartvig et al., 2011; Werner and Gilliam, 1984; Woodward and Warren, 2007). For instance, in fishes and reptiles, where growth is continuous, individuals pass through a wide spectrum of sizes, possibly more than four orders of magnitude, during the independent part of their life cycle (Werner and Gilliam, 1984). Given that the size of an organism is correlated with many of its fundamental ecological properties (Brown et al., 2004; Peters, 1983), it should come as no surprise that an individual’s size affects the type of prey it can consume and what predators will attack it. The large variation in body size within and among species can therefore be expected to have profound consequences for the trophic organisation of ecological communities (Ebenman and Persson, 1988; Elton, 1927; Hardy, 1924; Hartvig et al., 2011; Hildrew and Townsend, 2007; Petchey et al., 2008; Woodward et al., 2005a,b,c, 2010; Yvon-Durocher et al., 2011). 

Recently, research into the trophic structure of ecological networks has undergone a dramatic renaissance, with new research avenues opening up and some of the earliest ecological ideas being revisited with new data and theories (Ings et al., 2009). This is in part due to the development of ‘‘network science’’ as a discipline whose ideas have found a natural home in the complex world of ecology, but also largely due to the new availability of well-resolved and far more exhaustively sampled datasets (Dunne, 2006). One particularly important finding that has emerged from these investigations has been that the trophic structure of a community appears to be largely explicable with reference to only a single dimensional niche space (Cohen, 1978; Cohen and Newman, 1985; Stouffer et al., 2005, 2006; Williams and Martinez, 2000). That is to say, it is possible to order prey species in such a way that the diets of predators can be represented as contiguous segments over that ordering. It was not long before a connection was made between a species position in the hierarchy of this single dimension and its body size (Lawton, 1989; Neubert et al., 2000; Stouffer et al., 2011; Warren and Lawton, 1987; Williams et al., 2010; Woodward et al., 2005a,b; Zook et al., 2011).

This growing recognition of the importance of body size for structuring food webs has led to numerous studies examining the existence of regularities in trophic relations with the body sizes of species involved (Woodward et al. 2005b,c; Yvon-Durocher et al., 2011). For instance, some studies have compiled interactions from across many food webs to explore relationships between predator and prey size (Brose et al., 2006a; Cohen et al., 1993; Gittleman, 1985; Riede et al., 2011; Vezina, 1985), while others have examined patterns within a single, local food web (Cohen, 2007; Cohen et al., 2003; de Visser et al., 2011; Jacob et al., 2011; Leaper and Huxham, 2002; McLaughlin et al., 2010; Memmott et al., 2000; O’Gorman and Emmerson, 2010; Warren and Lawton, 1987; Yvon-Durocher et al., 2008). The way in which the range of prey sizes a predator consumes changes with the predator’s size has also been explored, especially in aquatic systems where gape limited predation is prevalent (Leaper and Huxham, 2002; Sinclair et al., 2003; Warren and Lawton, 1987; Woodward and Hildrew, 2002; Woodward et al., 2010). These studies have often revealed strong body-size constraints on trophic interactions, with larger predators feeding over a larger range of prey sizes, although sometimes at the local level the relationships weaken or vanish (e.g. Leaper and Huxham, 2002).

Similarly, studies have also explored how network measures such as generality (the number of prey of a species), vulnerability (the number of predators of a species), and trophic height (TH) (the trophic position of a species within a food web considering its direct and indirect prey) scale with species average mass, both within and across food webs. Generality and TH tend to scale positively, whereas vulnerability tends to scale negatively (Cohen et al., 2003; Digel et al., 2011; Leaper and Huxham, 2002; Layman et al., 2005; McLaughlin et al., 2010; O’Gorman and Emmerson, 2010; Otto et al., 2007; Riede et al., 2011; Romanuk et al., 2011; Sinclair et al., 2003; Yvon-Durocher et al., 2008). In conjunction with the strong negative relationship between species body mass and abundance found in many systems, researchers are beginning to integrate these patterns, with the aim of unifying much of food web theory with other approaches, such as the metabolic theory of ecology and foraging theory, to create a framework that can span multiple levels of ecological organisation, from individuals through to entire multispecies networks (Brose, 2010; Brown and Gillooly, 2003; Brown et al., 2004; Cohen et al., 2003; Woodward et al., 2010, Yvon- Durocher et al., 2011, Chapter 2).

4.2.2 Overcoming pitfalls through a plurality of viewpoints

Although many of the studies of the allometry of trophic relations have detected clear patterns between body size and food web structure (e.g. a tendency for diet width to expand with predator size, both within and among predator species; Cohen et al., 1993; Woodward and Hildrew, 2002), there have been concerns raised about whether the patterns reflect the reality of interactions between individuals in any given system (Yvon-Durocher et al., 2011). Studies that have used regional data compiled from multiple systems may reveal patterns in interactions that would not in fact be seen at the local scales, dislocating such patterns from the individual-level mechanisms underlying the size structure of trophic relations (Woodward and Warren, 2007). This concern is in many regards similar to that raised by researchers investigating the relationship between body size and abundance. In that case, there have been reports of strong macroecological relationships discovered in global datasets (often considering just one clade), while studies at the local community scale (and across clades) often find a different pattern and sometimes none at all, raising queries as to which patterns are mechanistically driven and which are the result of artefacts (White et al., 2007).

Further, studies of mass–abundance relationships also highlight the historic divide between aquatic and terrestrial ecology and illustrate how the approaches developed in each, when unified, can yield complementary information about ecosystem structure (Ings et al., 2009 and references therein). Aquatic ecologists have long used individual size distributions in which species identity is ignored to investigate mass–abundance relationships (Kerr and Dickie, 2001), whereas terrestrial ecologists have more often looked at the local species density relationship in which species-averaged masses are used (i.e. ignoring intraspecific differences) (McLaughlin et al., 2010; Mulder et al., 2005). Essentially, there is more than one way to examine the same community (or pattern), but few studies to date have been able to use multiple approaches in one system, mostly due to the limited availability of suitably taxonomically resolved, individual-level data that is needed as the basis of applying both size- and species-based perspectives simultaneously (but see Reuman et al., 2008).

Studies of trophic interactions have recently begun to recognise the benefits offered by such a plurality of views, which when used to examine the same question can provide a more complete answer. A recent example is that of Woodward et al. (2010), who constructed food webs in which nodes were size classes, rather than the more traditional representation of trophic species. The size- and taxonomic-based food webs they constructed exhibited very different structures, and the former were also much more amenable to predictive modelling of network structure.

In traditional food webs, there are unexpected cases reported of smaller species that appear to be feeding upon much larger ones (Woodward and Warren, 2007). Often this is a consequence of the practice of using species averages. If the size distributions of the two species overlapped this pattern could result if large individuals of the small species fed on small individuals of the larger species, creating a mirage that obscures the true extent of size structuring within the web (Ings et al., 2009; Woodward and Warren, 2007). Similarly, averaging might underestimate true predator–prey mass ratios (i.e. among those individuals that are actually interacting within a feeding link), by up to two orders of magnitude (Woodward and Warren, 2007). However, these artefactual patterns often disappear once we adopt the size-class-based food webs approach (Woodward and Warren, 2007; Woodward et al., 2010). 

4.2.3 Individual-based food webs: an emerging field

To view food webs in terms of both size and taxonomy, datasets examining trophic interactions must ultimately be based at the individual level (or at least contain some intraspecific information). The above difficulties with past studies of trophic relations and attempts to bridge the terrestrial–aquatic divide have led to a call for empirical data to be recorded on the sizes of interacting individuals within local communities, to allow the analysis of size structure with as little aggregation as possible (Ings et al., 2009; Woodward and Warren, 2007; Woodward et al., 2010). Data collected at the individual level also enable us to create a firm foundation to scale across levels of ecological organisation. Such datasets allow examination of patterns of size structure at the individual, population and community level and could be used to infer how these patterns are linked, while avoiding some of the pitfalls of averaging which have befallen past studies. To date, such individual-based data have been used to examine some of these patterns in a very small number of food webs, four of which are included in the current study: the Broadstone Stream, Afon Hirnant, Tadnoll Brook and the Celtic Sea food webs (Woodward et al., 2010). How prey size scales with predator size was explored previously by Woodward and Hildrew (2002), Woodward and Warren (2007) and Costa (2009), and how the ratio between predator mass and prey mass scales with predator mass was examined by Barnes and colleagues (2010) and Nakazawa et al. (2011). Costa (2009) also measured how minimum prey size, maximum prey size and trophic niche breadth scaled with predator size, and Woodward and Hildrew (2002) studied diet width as a function of predator size.

In this study, we take the analysis of size structure in individual-based food webs further, to highlight the benefits of a multifaceted perspective. This is accomplished by characterising the patterns mentioned above and other novel measures relevant to variation in the size of prey consumed by a predator (predator as focal entity) and the size of predators that consume a prey (prey as focal entity), in seven individual-based food webs, three of which are newly described. The patterns observed in the individual-based data were compared with those observed when the data were aggregated to different extents to characterise the effect aggregation has on our perception of size structure. We also explored the structure of size-class-based food webs (Woodward et al., 2010) and compared them to species-based ones with an equivalent number of nodes constructed for the same systems. We hypothesised that an approach based on species averaging might conceal important patterns in the size structure of ecological communities. Further, as a size-class-based approach can reveal patterns that are not observed using a species-based approach, the expectation was that our combined approach would provide greater insights into size structure in natural food webs than using either in isolation. Finally, we discuss possible implications arising from the application of these new perspectives for the parameterisation of dynamic models of food webs. 





In general, the relationship between body mass and nine response variables divided into three sets was examined using different linear regression models. Firstly, in Size Structure Dimension set #1: Trophic orderings (Section 4.3.3.1), prey body mass, predator–prey body mass ratio (PPMR) and trophic height (TH) were regressed against different aggregations of predator and species body masses. Secondly, in Size Structure Dimension set #2: Diet variation (Section 4.3.3.2), the variance and range of predator’s prey body masses, and the in-degree (generalism) of predators were regressed against various aggregations of predator and species body masses. Lastly, in Size Structure Dimension set #3: Predator variation (Section 4.3.3.2), the variance and range of prey’s predator body masses, and the out-degree (vulnerability) of prey were regressed against different aggregations of prey and species masses.

In order to search for species-based and size-class patterns, we expressly needed to analyse food webs constructed from individual-level data (Ings et al., 2009; Woodward and Warren, 2007; Woodward et al., 2010). Specifically, we used datasets of predator–prey interactions in a given locality for which the species identity and size estimates were directly observed (e.g. via gut contents analysis) for both predator and prey individuals involved in each interaction. Data were from the four systems described by Woodward et al. (2010) plus a further three previously unpublished food webs, from Chilean rivers. The former are described in detail elsewhere (Woodward et al., 2010), whereas the latter systems are described in greater detail below, and the key characteristics of all seven are summarised in Table 4.1.

The raw data of individual predator–prey interactions were aggregated using a taxonomic-based approach to generate different levels of resolution, or binned into size classes using a size-class-based approach to provide groups, which could be contrasted with the taxonomic aggregations. Comparison of the response variables could then be done, either between the levels of resolution or between the two approaches to grouping. For details on aggregations conducted, see Section 4.3.2; for details on response variables analysed, see Section 4.3.3; and for details on regression models used, see Section 4.3.4.





The study was carried out at three sites within the Afon Hirnant, in North Wales, UK (52˚52'N 03˚34'W). Mean annual discharge varied between 2.08 and 7.26 m3/s and pH from 5.5 to 7 (see Figueroa, 2007 and Woodward et al., 2010 for full details).





Table 4.1 Summary of the study sites’ characteristics for the seven individual-based food webs used in the current study


Gut contents analysis was performed to establish feeding interactions by removing predators’ foreguts, which were mounted in Euparal medium and examined at 400X magnification. Prey were identified from reference slides of taxa collected in the Afon Hirnant, after Schmid (1993) and Schmid-Araya et al. (2002).





Broadstone Stream is a tributary of the River Medway in south-east England (see Hildrew, 2009 for a detailed site description). The stream was acid (pH 4.7–6.6) and fishless at the time of sampling in 1996–1997, as it had been since at least the early 1970s prior to a more recent invasion by brown trout in the 2000s (Layer et al., 2011). The macroinvertebrate food web contains about 31 common species, including six dominant predators and a suite of detritivorous stoneflies and chironomids (Woodward et al., 2005b). 

Thirty randomly dispersed benthic Surber sample-units (25 cm-25 cm quadrat; mesh aperture 330mm) were taken every two months between June 1996 and April 1997 and preserved in 5% formalin. All invertebrate taxa were described to species where possible, and the few that could not be distinguished with certainty were grouped to the next taxonomic level (usually genus). Linear body dimensions of all individuals collected from the benthos and identified in gut contents were measured and converted to dry mass using published regression equations (listed in Woodward and Hildrew, 2002).





The Celtic Sea is an area of continental shelf bordered by Ireland, the UK and the Bay of Biscay. Precise sampling locations and dates were not given in the Barnes et al. (2008) dataset, from where the data used in this chapter were extracted, so we pooled data over the whole time period and locations to capture general patterns. Only locations consistently sampled through the 1987–2001 time series were used (Blanchard et al., 2005).

The feeding links of fishes in the Celtic Sea have been described in a published global dataset of individual predator and prey body sizes and taxonomy (Barnes et al., 2008): in total, 1988 feeding events from 29 predator species were included in the food web presented here. The original stomach contents data were collected from dissections carried out on board research vessels during the annual surveys carried out by the Centre for Environment, Fisheries and Aquaculture Science (Cefas) (Pinnegar et al., 2003). Predator and prey length were recorded and converted to body mass by Barnes et al. (2008) using published regression equations. Only vertebrate prey were identified and measured, with the vast majority being identified to species.

4.3.1.4 Coilaco, Guampoe and Trancura Rivers, Chile

Similar studies were conducted in three rivers (Coilaco, Guampoe and Trancura Rivers) within the catchment of the Tolte´n River in south Chile, South America. The Coilaco River (discharge 2.1–16.8 m3/s), Guampoe River (discharge 1.8–7.5 m3/s) and Trancura River (discharge 8.8–49.3 m3/s) are all circumneutral (pH 6.7–7.6) (Figueroa, 2007).

Between 1984 and 1985, eight benthic samples were taken in each season within each river, giving a total of 96 sample-units for the whole sampling period (Campos et al., 1985). Invertebrates were collected using a Surber sampler (sampling area: 0.09 m2; mesh aperture 250 mm) and preserved in 70% ethanol before being transported to the laboratory for species identification and food web analyses.

All individuals were measured and identified to the highest level of taxonomic resolution (i.e. species, wherever possible). Invertebrates were identified using available taxonomic keys and species descriptions (Ferna´ndez and Domı´nguez, 2001; McCafferty, 1983; Peters and Edmunds, 1972). Chironomidae larvae were measured before being mounted on slides with Euparal medium and identified under oil immersion microscopy at 400 X magnification.





The Tadnoll Brook is a tributary (mean annual discharge 0.35 m3s -1, pH 6.9–7.7) of the River Frome, in Southern England, UK (Edwards et al., 2009b).

Between February and December 2005, a 240-m reach was sampled every 2 months to construct the summary food web. Invertebrates were sampled every 2 months using a Surber sampler (0.06 m2; mesh aperture 300 mm). On each occasion, 20 random samples were collected, preserved in the field in 4% (w/v) formalin and subsequently sorted for invertebrates, which were identified to the lowest possible taxonomic level (usually species).

On each occasion, fish were caught with an electrofisher, anaesthetized using 2-phenoxyethanol, identified to species, measured and weighed (Woodward et al., 2010). The guts of trout (Salmo trutta L.) >70 mm fork length were then flushed using a small manual water pump, and the contents immediately preserved in 4% formalin. For smaller trout and other fish species (bullhead, Cottus gobio L. (n=126), European eel Anguilla anguilla (L.) (n=37), minnow Phoxinus phoxinus (L.) (n=17), stone loach Barbatula barbatula (L.) (n=5) and three-spined stickleback Gasterosteus aculeatus L. (n=5)), specimens were sacrificed and frozen for subsequent dissection.

Gut contents analysis was carried out for the fish assemblage on each sampling occasion, whereas invertebrates had much less variable diets and were therefore only characterised in May and October. Individuals of the numerically dominant or trophically important invertebrate taxa in the benthos were taken from the Surber samples, linear dimensions of each individual measured to the nearest 0.1 mm, dissected and the contents of the foregut were examined for animal prey, which were identified at 400X magnification by comparison with reference specimens. The taxa chosen for gut contents analysis encompassed >95% of individuals found in the benthos. Gut contents of predators were identified to species wherever possible and linear body dimensions were measured. Dry mass of prey items and invertebrate predators was estimated using of published regression equations (Benke et al., 1999; Burgherr and Meyer, 1997; Edwards et al., 2009a,b; Ganihar, 1997; Gonzalez et al., 2002; Meyer, 1989; Sabo et al., 2002; Smock, 1980).

4.3.2 Aggregation into different levels of resolution and groupings

We use the letters A–F to denote the different levels of resolution and information (grouping method) that were used on each of the seven empirical food webs. The individual-level data (raw interaction data) are always denoted by the letter A. The letters B–D correspond to three levels of taxonomic aggregation. The letters E and F correspond to two levels of size-based aggregation. All levels of aggregation, grouping method, and the corresponding letters (A–F) are illustrated in Figure 4.1 and explained in the following sections.

4.3.2.1 Different levels of resolution based on taxonomic groupings

Level A: The individual-based raw data, representing the individual feeding events, form the lowest level of aggregation possible (Figure 4.1A).































Figure 4.1 Illustration of aggregations of the individual-level data (A). Colour indicates predator individuals (open/blue) and prey individuals (filled/red). Individuals are assigned to a species (shape) and a size (size of shape). A gap between a predator’s prey symbols indicates separate feeding interactions. Overlapping symbols denote various levels of aggregations. In this illustration, predators are the focal entity and prey are the non-focal entity. See Section 4.3.2 for details

Figure 4.2 An illustration of the framework used in the study. Log10 predator body mass is on the x-axis and log10 prey body mass is on the y-axis, the line denotes the one-to-one relationship where predator mass equals prey mass. We use the letters A–F to depict aggregations into different levels of resolution and groupings. The raw data of individual predator–prey interactions (A) were aggregated using a taxonomicbased approach to generate different levels of resolution (A–D) or binned into body size classes using a size-class-based approach to provide groups (E and F) which could be contrasted with the taxonomic aggregations. For each response variable, comparisons could then be made, either between the levels of resolution or between the two approaches to grouping (all possible comparisons are denoted by dashed and dotted arrows, respectively). The data shown in this example are from Broadstone Stream, depicting the predator mass to prey mass relationship. In the analyses, only the comparisons between A and D, and B and E were carried out for this particular response variable (prey body mass) (see Table 4.2 for details of which comparisons were done for each response). Solid arrows illustrate along which axis the aggregations were conducted, that is, no aggregation for the individual-level data (A—highest resolution); aggregation along the x-axis (focal axis) for resolution B and grouping E; and aggregation along both the x- and y-axes (non-focal axis) for resolution C and D, and grouping F. For the details of the levels of resolution and grouping, see Section 4.3.2.
Level C: The next level of resolution has been termed link averaging (Woodward and Warren, 2007) and considers only individuals involved in a particular trophic link between focal and non-focal entities. That is, prey body mass is calculated from those individuals measured in a particular predator species’ guts, not simply all individuals of that prey species found in the environment. Similarly, predator body mass is derived from those individuals with that particular prey species in their guts, rather than all individuals of that predator species in the environment. In the example in Figure 4.1C, the mean body mass of all individuals of a given predator species that feed on a particular prey species is calculated and used as the value for the x-axis grouping and plotted against the mean body mass of all individuals of that particular prey species fed upon by that predator on the y-axis. At this level of resolution, it is possible that both the focal and the non-focal entity can be represented as having a different average mass depending on the particular interaction. In the case of cannibalism, for example, it is most likely that a species would have different focal and non-focal masses.

Level D: Lastly, to achieve the lowest level of taxonomic resolution, the data were aggregated by species (or the next most resolved taxonomic level for those taxa that could not be described to species). Here, whether an individual was recorded as a prey or a predator was disregarded when calculating the average body mass of a species (Figure 4.1D): this is equivalent to many of previous studies which have used masses taken from the literature (e.g. Brose et al., 2006a; Cohen et al., 1993; Riede et al., 2011). Both focal and non-focal entities will now always have the same body mass regardless of which interaction they are engaged in. Cannibalistic species will in this case be represented as an entity that either is feeding on, or is eaten by, at least one non-focal entity with the same average body mass as itself.

4.3.2.2	Different Levels of aggregation based on size-class groupings

In addition to the taxonomic aggregations described above, two levels of aggregation were performed on the size-class grouped data, depending on the response variables we wished to calculate.

Level E: First, only the predator or prey individuals (depending on which was the focal entity) were grouped into body size classes. The non-focal entities are then the individuals associated with those individuals grouped into body size classes (Figure 4.1E), in a manner that is analogous to the taxonomic grouping in Figure 4.1B.
Level F: The second aggregation then involved also assigning the nonfocal individuals into body size classes (Figure 4.1F). In both levels E and F, following Woodward et al. (2010), as many size classes were used as there are species for each web. For each study system, the size ranges were equal on a logarithmic scale, with the total range set by the minimum and maximum sized individual in that system. 

Hereafter, comparisons done between any two different taxonomic groupings (including the raw data, Figures 4.1A–D and 4.2A–D) are referred to as resolution comparisons and comparisons done between one taxonomic grouping (Figures 4.1B–D and 4.2B–D) and one size-class grouping (Figures 4.1E–F and 4.2E–F) as grouping comparisons.

4.3.2.3 Food web aggregations

In order to calculate some of the response variables (see Section 4.3.3), such as TH, aggregated data (as described above) were used. It was possible to do this for groupings for the taxonomic approach using aggregation level D and using aggregation level F for the size-class approach (Figure 4.1). In the taxonomic food web (hereafter denoted level D*), a species was defined as predating on another if at least one prey species individual was found in the gut of a predator species individual, a criterion that is commonly used when constructing ‘‘traditional’’  species-based food webs (e.g.Woodward and Hildrew, 2001). Likewise, in the size-class food web (hereafter denoted level F*), a feeding link was assigned if at least one prey item within a size class was found in the gut of a predator of another size class, irrespective of their taxonomy. The body masses assigned to each node were fromaggregations D and F. Thus, levels D* and F* are two sides of the same coin: both are derived ultimately from the same individual data, but they take species- and size-based perspectives, respectively. Figure 4.3 illustrates how the links were assigned between nodes in these two approaches, using the example from Figure 4.1.

4.3.3 Response wariables analysed

Throughout this study, we examined the allometries of nine variables that relate to trophic interactions. Some of these variables could only be measured at particular levels of aggregation (for instance, TH could only be calculated for species or size classes and not


Figure 4.3 Illustrating how food webs for both groupings (the more traditional taxonomic approach, D* and size-class-based approach, F*) were constructed from the individual-level data (aggregation A in Figure 4.1). Grey links denote the observed individual feeding interactions, while black links indicate interactions between the designated nodes of the network (species or size classes, denoted by dashed boxes). The masses assigned to each node were from aggregations D and F in Figure 4.1 (see Section 4.3.2.3 for details).


individuals; see below for more details), while others could be measured at any level. For clarity in the comparisons made, only the relationships of the least and most aggregated data possible were examined (see Table 4.2 for a guide to the comparisons carried out). Hence, the species-averaged aggregation (D) was compared with the aggregation closest to the raw data describing the individual predation events. In the comparisons between the size class and taxonomic groupings, the lowest possible level of aggregation for which the comparison could be made was used, thus enabling the use of the most information available.

What follows are descriptions of each of the nine response variables, along with which aggregations were used for the allometric relationships examined and if it was possible to use the response variable in the resolution comparison, the grouping comparison, or both. These descriptions are summarized in Table 4.2. A schematic diagram of the possible comparisons between aggregations is shown in Figure 4.2.

The response variables can be split into three sets (Sections 4.3.3.1 and 4.3.3.2 below). The first set of responses examined the relationship between the trophic ordering of predators and their size. The second explored the relationships between variation in the diets of predators with their size: that is, predators are the focal entities. The third set looked at the variation of species’ predators with their size: that is, prey are the focal entities. The responses measuring diet variation and consumer variation of species were calculated in the same manner, except that the focal and non-focal species were reversed.

4.3.3.1 Size dtructure dimension set #1: trophic orderings

a. Predator Mass–Prey Mass. The first response variable examined (regressed against predator body mass) was prey body mass. In the resolution comparison, aggregations A and D were used (Table 4.2). That is, for A, the log10 body mass of each predator individual was plotted against the log10 body masses of each prey item found in their gut. For D, species average log10 body mass of each predator species was plotted against the species average log10 body mass of each prey species fed on by that consumer.

In the groupings, comparison aggregations C and F were used. For the taxonomic approach link average log10 body mass of each predator species was plotted against the link average log10 body mass of each prey species fed on by that consumer. Whereas for the size-class-based 





The levels of aggregation (A–F) used in the resolution or grouping comparisons for the various response variables examined and the type of model used to make the comparison. The raw data of individual predator–prey interactions (A) were aggregated using a taxonomic-based approach to generate different levels of resolution (A–D) or binned into body size classes using a size-class-based approach to provide groups (E and F) which could be contrasted with the taxonomic aggregations. For each response variable, comparisons were then done between the first and second aggregation (either between levels of resolution or between the two approaches to grouping). D* and F* denote food web aggregations needed to calculate and compare some of the response variables, such as trophic height (see Section 4.3.2.3). Focal mass is the explanatory variable for the corresponding response variable. The three sets of response variables refers to the Size Structure Dimension Set #1–3 described in detail in Section 4.3.3.1-2. PPMR stands for predator mass:prey mass ratio, LMM stands for linear mixed effect model and OLS stands for ordinary least squares. See Section II.E.1 for descriptions of the models used.


approach, the middle of the size class on a log10 scale consuming size class was plotted against the middle (on a log10 scale) of each prey size class fed upon by that consumer size class.

b. Predator Mass - Predator-Prey Mass Ratio. The predator–prey body mass ratio (PPMR) was calculated for all aggregations as log10 (focal body mass)–log10 (non-focal body mass). For the resolution comparison, aggregations A and D were used. For A, the log10 body mass of each predator individual was plotted against the PPMR for each prey individual that a predator consumed. For D, the species-averaged body masses were used; that is, predator species average log10 body mass versus PPMR for each prey species that a predator species consumed.

In the grouping comparisons, the aggregations used were C and F. In the taxonomic approach, the relationship was predator link-averaged log10 body mass versus the PPMR calculated for the link-averaged body masses for each feeding interaction. While for the size-class approach, it was mid (predator size class) versus the PPMR calculated using the midpoints of the consumer and resource size classes.

c. Species Mass–Trophic Height (TH). The third response variable examined was TH. This response could only be used for the grouping comparisons as it required food web aggregations D* and F*. Prey-averaged TH was calculated for each species (Williams and Martinez, 2004). This is equal to 1+ the mean of all of a consumer species’ or size-class’ trophic resources’ TH (species or size classes without prey are defined as having TH = 1). It assumes that consumers feed upon all their prey species or size classes equally, making it suitable for binary food webs (Williams and Martinez, 2004).

4.3.3.2 Size structure dimension sets #2 and #3: diet variation and predator variation

a. Predator Mass–Variance of Prey Mass and Prey Mass–Variance of Predator Mass. This response measured the variance in the body masses of a predator’s prey (incoming links) or prey’s predators (outgoing links). Variance was measured using the logged values of the non-focal entities, to normalise for the body mass of the focal entity. The relationship examined took the form aggregated focal log10(body mass) versus variance (log10(nonfocal body masses)), for which the details are explained below. 


For both the diet and predator measures, the resolution comparison used aggregations B and D. For aggregation B, the focal entities in the diet measure were the average body mass of all predator individuals of each species and the non-focal entities were all the prey individuals fed upon by each predator species. In the predator measure, the focal entities were the average body mass of all prey individuals of each species and the non-focal entity was all the predator individuals that fed upon each prey species. For aggregation D, the focal entities in the diet measure were the species average body mass of all predator species and the non-focal entity was all the prey species fed upon by each predator species. In the predator measure, the focal entities were the species average body mass of all prey species and the nonfocal entity was all the predator species that fed upon each prey species.

The grouping comparisons used aggregations B and E. The aggregations for B were the same as in the resolution comparisons above. For the calculation based on aggregation E, the diet measure treated each predator size class as the focal entities and the non-focal entity associated with each were the body masses of all prey individuals fed upon by predator individuals in that size class. In the predator measure, each focal entity was a prey size class and the associated non-focal entities were all predator individuals feeding upon prey in that size class.

b. Predator Mass–Range of Prey Mass and Prey Mass–Range of Predator Mass. The same resolution and grouping comparisons were carried out as in the prey mass variance and predator mass variance responses, except that instead of variance of non-focal entities body masses we calculated the range of non-focal individuals, or species, or size classes. This was done as max (log10(non-focal body mass)) - min (log10(non-focal body mass)).

c. Species Mass—In-Degree (Generalism) and Out-Degree (Vulnerability). In-degree is the number of incoming links a node has in a directed graph, where as out-degree is the number of outgoing links (Digel et al., 2011). In the case of a taxonomic food web, in-degree is the number of prey species a predator feeds upon, whereas out-degree is the number of predators a species has. In a size-class-based food web, in-degree is the number of size classes a focal size class feeds upon and out-degree is the number of size classes which feed upon a focal size class. The sum of in-degree and out-degree links a node has thus represents the total number of direct links it has in the food web.





4.3.4.1 Modelling response variables

To assess the strength of size structuring of the different aggregations, we needed to calculate the allometric relationships listed in Table 4.2. However, for some of the response variables at certain aggregations, there was nonindependence between sample points in the raw datasets (multiple predator individuals within a species and multiple prey items from a single predator; Barnes et al., 2010; Costa, 2009). To overcome this issue, we employed linear mixed-effect models (LMMs) with random intercepts and slopes (Pinheiro and Bates, 2000; Zuur et al., 2009) using the nlme library (Pinheiro et al., 2008) in R (R Development Core Team, 2009). Focal mass was used as a fixed effect, and depending on the response variable examined and the level of aggregation used, up to two levels of nested random effects (predator species and predator individual) were included in the models to account for the non-independence. LMMs were not used in cases where data were aggregated such that non-independence was eliminated, and ordinary least square (OLS) regression models were used instead. Some of the response variables showed unimodal relationships with focal species mass, and in these cases, we entered a quadratic term in the regressions. If one aggregation in a comparison of a response variable suffered from non-independence while the other did not, a LMM was used on both regardless. The type of model used for each comparison is indicated in Table 4.2.

4.3.4.2 Comparison of Response Variables





4.4.1 Response variables compared

In total, 15 comparisons were made between the different aggregations. Each response variable will be presented, in turn, following the size structure dimension sets described in Section 4.3. A summary of the results of all comparisons done can be found at the end of the results section. The detailed results of each individual regression conducted are presented in Appendix II table 1 and Appendix II table 2. 

4.4.1.1 Size structure dimension set #1: trophic orderings 

a. Predator Mass–Prey Mass (Resolution). An LMM was used to estimate the slopes for each study system, with random effects for predator identity and predator species identity. The paired t-test (Figure 4.4B) comparing the aggregations showed that slopes were significantly steeper for the regressions of the raw data (aggregation A: with a mean slope of 0.694) than for those of the less resolved species averages (aggregation D: mean slope of 0.334, t=3.970, df=6, p=0.007). The predator body mass–prey body mass LMMs are shown in Figure 4.5A and B.

b. Predator Mass–Prey Mass (Grouping). Slopes were estimated with LMMs that included a random effect of predator species identity (Figure 4.5C and D). When compared with a paired t-test (Figure 4.4C), the slopes of the study systems using a taxonomic grouping based on link averages (aggregation C) were significantly steeper (mean slope of 0.717) than those of the size-class-based grouping (aggregation F), which had a mean slope of 0.557 (t=2.594, df=6, p=0.041).























Figure 4.6 PPMR versus predator mass, all systems together. (A-D) show feeding events for the raw data (resolution A), species averages (resolution D), link averages (grouping C) and size classes (grouping F), respectively. The trend lines show the LMM PPMR-predator mass response variable per study system (identified by colour/ abbreviation of study system). The dashed line indicates where prey size equals predator size.


increase in size relatively faster than their prey than would be perceived at the higher resolution.

d. Predator Mass–Predator–Prey Mass Ratio (Grouping). Again, an LMM was used, with only predator species identity included as a random effect (Figure 4.6C and D). The paired t-test showed that the size-class-based aggregation (F) had greater slopes (mean of 0.433) than did the link average (C) taxonomic grouping (mean slope of 0.283, t=-2.594, df=6, p=0.041, Figure 4.4E).

e. Species Mass–Trophic Height (Grouping). Slopes for each study system under both aggregations were estimated using OLS regression (Figure 4.7). The results from the paired t-test (Figure 4.4A) revealed that the slope of this relationship was steeper when individuals were aggregated into food webs based on size classes (with a mean slope of 0.366) than when they are aggregated into species-based food webs (mean slope of 0.278, t=-3.111, df=6, p=0.021).

4.4.1.2 Size structure dimension set #2: diet variation

a. Predator Mass–Variance of Prey Mass (Resolution). There was no significant difference between the slopes (estimated by linear regression) of the highly (B) and less resolved data (D) (t=0.635, df=6, p=0.549, Figure 4.8B).

b. Predator Mass–Variance of Prey Mass (Grouping). When the data were grouped into size classes (E), the estimates of the slopes from the linear regressions were not significantly distinguishable from the slopes of taxonomic aggregation (B) (t=0.780, df=6, p=0.466, Figure 4.8C).

c. Predator Mass–Range of Prey Mass (Resolution). There was no significant difference between the slopes (estimated by linear regression) of the highly (B) and less resolved data (D) (t=1.311, df=6, p=0.238, Figure 4.8D). 

d. Predator Mass–Range of Prey Mass (Grouping). Upon visual inspection of the size-class aggregation (E), a clear hump-shaped relationship was evident in most of the study systems. Therefore, a quadratic term was included in the linear regressions for both aggregations. Rather than a comparison of the slopes (the first-order coefficient), the second-order coefficients were compared. In this instance, the paired t-test was testing the hypothesis that the size-class grouping produced relationships that were more humped than the taxonomic grouping (B). Such a pattern was indeed found (Figure 4.9), the size-class grouping had a mean coefficient of -3.767, while the taxonomic grouping had a mean coefficient of -1.178 (t=3.094, df=6, p=0.021, Figure 4.8E).

e. Species Mass–In-Degree (Generalism). Linear regression was used to estimate the slopes in each study system (Figure 4.10). No significant difference between the slopes of the taxonomic (D*) and size-class food webs (F*) was found (t=0.520, df=6, p=0.622, Figure 4.10A).

4.4.1.3 Size structure dimension set #3: predator variation 

a. Prey Mass–Variance of Predator Mass (Resolution). Slopes of the systems were estimated using linear regression. The paired t-test found no significant difference between the high (B) and the low (D) resolution aggregations (t=-1.101, df=6, p=0.313, Figure 4.11B).

b. Prey Mass–Variance of Predator Mass (Grouping). The paired t-test found no significant difference between the slopes (estimated by linear regression) of the different study systems under the taxonomic (B) and size class (E) groupings (t=-1.098, df=6, p=0.314, Figure 4.11C).

c. Prey Mass–Range of Predator Mass (Resolution). The paired t-test found no significant difference between the slopes (estimated by linear regression) of the different systems under the high (B) and the low (D) resolutions (t=-1.043, df=6, p=0.337, Figure 4.11D).

d. Prey Mass–Range of Predator Mass (Grouping). Again, the paired t-test found no significant difference between the slopes (estimated by linear regression) of the different systems under the taxonomic (B) and size-class (E) groupings (t=-1.824, df=6, p=0.118, Figure 4.11E).






































































































































































Figure 4.12 Out-degree (vulnerability) versus species average log10 body mass, per system. Upper row shows taxonomic groupings (D*), and lower row shows size-class groupings (F*). The trend lines are the fitted OLS quadratic regression, where the parameter d is the second-order coefficient.
coefficient (mean of -24.632) than did the taxonomic food web grouping (mean of- 3.991, t=2.771, df=6, p=0.032, Figure 4.11A). For the taxonomic food web grouping, only two of the seven relationships had a significant quadratic term. If we used a model without the quadratic term instead, five of the systems had significantly negative slopes (Coilaco and Guampoe were the exceptions: data not shown). 





4.5.1 Individuals and Species Averages—Effects of Resolution

One aim of this study was to investigate if our perception of patterns in size structure (e.g. predator–prey relationships) in ecological communities will be changed as the resolution of empirical datasets becomes finer. We show that patterns found when using species-aggregated data deviate from those when individual data are used, for a wide range of parameters and across multiple study systems. Specifically, for all seven systems, we found that the slope of prey mass as a function of predator mass was consistently underestimated and the slope of PPMR as a function of predator mass was overestimated, when species averages were used instead of the individual level data (Figure 4.4B and D). It is also worth noting that none of the three Chilean rivers had a significant slope of prey mass as a function of predator mass when species averages were used but did when individual-level data were used (Figure 4.4B and Appendix II Table 1). The other response variable sets (diet and predator variation) were not affected by the degree of resolution (Figure 4.8B, D and 4.11B, D). 


The prey mass and PPMR response variables are directly related—the slope of the PPMR–predator mass relationship equals 1 minus the slope of the prey mass–predator mass relationship, and the intercepts have the same magnitude but opposite signs (for an analytical proof, see Box 4.1). The high and low-resolution prey mass–predator mass relationships had slopes between 0 and 1, except for Trancura River (slope>1 in resolution A, D and C)  and Coilaco (slope<0 in resolution D). The slopes of the prey mass–predator mass and PPMR–predator mass relationships give us valuable  information on the size structure of a community. However, to be able to compare the PPMR between resolutions within a system, we also need to consider the intercepts of the scaling relationships. The regression lines in Figures 4.14 and 4.15 illustrate prey mass and PPMR as functions of predator mass for the different resolutions (individual-level data (A) and species averages (D)) for each of the seven systems. For all systems, except Trancura River, the slopes of the PPMR–predator mass relationships derived from species averages are steeper than those derived from individual-level data. Hence, the strength of the PPMR scaling with predator mass based on species averaging would nearly always be exaggerated. Moreover, for all systems except Tadnoll Brook and Trancura River, the high-(individual-level data) and low-(species averages) resolution regression lines cross somewhere within the observed size range of predator individuals. Thus, using species averages would result in an underestimate of PPMR for predators in the lower end of the size spectrum (to the left of the point of intersection) and an overestimate for predators in the higher end (to the right of the point of intersection).

These findings support and bring additional clarity to the results of Woodward et al. (2005a) and Woodward and Warren (2007), who, when examining average body masses of species only, found that some predator species appeared to feed on prey nearly 100 times larger than themselves (Woodward et al., 2005a). When revisiting the same data from an individual based perspective, however, Woodward and Warren (2007) showed that at the level of individual interactions, no predator consumed prey larger than themselves. Woodward and Warren (2007) also illustrated that the predator– prey mass ratio (PPMR) in a system can be severely underestimated when using species averages, when compared with data derived from individual feeding events. The difference in scaling of PPMR with predator body mass depending on resolution is also in line with a recent study by Nakazawa et al. (2011).






























Figure 4.15 Comparison of the slopes from the mixed effect models of the log10 PPMR as a function of log10 predator body mass, for four of the different aggregations. The particular resolutions and groupings are represented by different colours. Each panel represents one of the seven study systems.


Why do PPMR patterns based on species averaging differ from those based on individual-level data? The main reason is that intraspecific size variation in predators and prey is taken into account when using individual level data, while this is not the case in analysis based on species averaging. Not all individuals within the size spectrum of a predator species are feeding on the entire predator species’ resource size range; often the feeding range of predators changes markedly during their life cycles (Hartvig et al., 2011; Woodward and Warren, 2007; Woodward et al., 2010). Further, parts of the size distributions of consumers and prey might be separated both in space (due to, e.g., prey switching predators (Trenkel et al., 2005)) and in time (because of, for instance, prey switching predators (Greenstreet et al., 1998; Trenkel et al., 2005)) or variation in seasonal growth between species (Woodward et al., 2005b). For example, McLaughlin and colleagues (2010) found that the composite terrestrial Gearagh food web, based on samples taken at six different seasonal sessions, consisted of 116 species and 375 links. When decomposed into the six seasonal webs, McLaughlin and colleagues showed that the actual number of species and links was considerably smaller; it varied between 33–79 and 68–256, respectively, during the seasons. Thus, when averaged over species or aggregated over space and time, feeding interactions may be assigned between individuals that in reality never occur. This distorts the perception of size structure and results in prey mass–predator mass and PPMR–predator mass scaling that do not correspond to the actual scaling seen when using individual feeding event data. This is likely to have important implications for parameterisation of models of ecological communities and hence for predictions concerning the dynamics of ecological communities and their response to different kinds of disturbances.

4.5.2	Taxonomy versus size—effects of grouping

There were several noticeable effects of using either taxonomic- or size-class based groupings on the perceived size structure of the systems, which included altering the shape of the relationships as well as the gradient of the slopes. Further, there were general patterns observed in both groupings, which we shall briefly highlight. Firstly, both groupings revealed positive relationships of prey body mass (Figure 4.5), PPMR (Figure 4.6), TH (Figure 4.7) and in-degree (generality) (Figure 4.10) with focal body mass (but see comment on in-degree below). Secondly, neither grouping ever revealed a consistent relationship across all systems between focal body mass and prey body mass variance, predator body mass variance or predator body mass range. 

Grouping by taxonomy (averaging by links) resulted in larger prey body mass slopes than did grouping by size classes, and as a consequence, PPMR slopes grouped by size-classes were larger than those grouped by taxonomy (Figure 4.4C and E; see also Box 4.1). The majority of PPMR slopes in both groupings were, however, not significant (Figure 4.4E and Appendix II Table 2). Both types of groupings suffer from averaging effects, but none as severe as with species averaging, because only individuals actually engaged in a predation event are aggregated into interacting nodes. The extent of averaging effects caused by size-class grouping will depend on the number of size classes used and how skewed the size distribution of individuals are within a size class. A large enough number of size classes would ultimately render a network equal to the individual-level data with one predator individual or prey per size class and hence no skew. As the middle of a size-class’ range (on a logscale) is used as the mass representing a size class, the worst case scenario would be few size classes with size ranges chosen, so individuals assigned to a size class fall close to one of the edges of it. Here, following Woodward et al. (2010), we used as many size classes as there were species in the system, to be able to make a fair comparison with the taxonomic grouping. The averaging effects of the link average grouping would presumably be less pronounced relative to the size-class grouping, as here the mean of the predator or prey individuals assigned to a node is used. Still, this distribution could be skewed by the presence of a few very large or small predator or prey individuals. 









Alternatively, a well-sampled size-class-based network will tend to mix individuals that in reality differ in their TH in a way which will tend to inflate the TH of the node. For example, if we consider a large individual of a primary consumer (a basal species in the webs presented here), which could be placed in the same class as a predator as such that the size class will now have a TH of two or above but contain a basal species. Size-class-based webs are also especially vulnerable to sampling effects, as a size class that has no predator individuals in it but does have a resource individual will appear to be a basal node even if it contains no individuals of a taxonomically basal species (see Figure 4.7). On balance, if the sampling effect is less than the inflation of a node’s TH, then the slopes will appear steeper. 

Clearly, both approaches for assessing the relationship between TH and body mass across the whole community have their own limitations and drawbacks, which are often only apparent when they are contrasted with one another directly. However, there will undoubtedly be strong size structure along any particular food chain, as is evidenced by the mass–mass relationships. If this is our interest then the size-class-based food webs will be likely to better capture this due to the less severe species averaging effects, although the exact TH of any one node is often more difficult to define with precision.

 Similar arguments explain the effects associated with the different groupings on other response variables, in particular the unimodal patterns uncovered in out-degree (vulnerability) and prey range for the size-class grouping. An argument can be made that the hump shape in both cases could be the result of sampling, as intermediate predator size classes were better sampled (see Appendix II Figure 1), whereas small and large predators were rare. This meant that the range of the diet of the large and small individuals was less well resolved, and hence the extremes were less likely to appear, which resulted in ranges appearing narrower. The negative part of the out-degree slope is partly due to a lack of predators large enough to feed on the larger size classes in the environment (prey growing into a size refugia), similar to the explanation of the negative out-degree relationship suggested for taxonomic food webs (Digel et al., 2011). However, the initial upwards part of the slope can to some degree be a consequence of sampling. That is, improved sampling of the diets of predators in the intermediate size classes entailed a greater number of individuals in prey size classes being discovered (due to the scaling between predator and prey size), and rarer size classes, understandably, had fewer links either to or from other size classes (see Appendix II Figure 2 for all study sites and Appendix II Figure 3 for an example (Broadstone Stream) of yield–effort curves per size class). Indeed, linear multiple regression models considering both mass and sample size suggested that the only significant predictor for out-degree and prey range was the sample size of a size class (Appendix II Table 3). There are, however, also plausible real phenomena supporting the lower vulnerability seen for smaller size classes. Prey can be too small to be handled efficiently (Brose et al., 2008; Petchey et al., 2008) and some of the smallest predators (e.g. tanypod midges) partly feed on non-animal food when small and become more carnivorous as they grow (Woodward et al., 2005b). The multiple linear regression did indicate an effect of sample size for in-degree (generality) as well, but weaker than, and interacting with, the effect of predator mass (Appendix II Table 3). 

4.5.3  Dynamic implications—parameterisation of dynamic food web models

Dynamic models of food webs taking body sizes into account are mainly of three different types. One modelling approach is species oriented in the sense that it assigns one and the same size to all individuals within a species (e.g. Berlow et al., 2009; Brose et al., 2006b). Another approach emphasizes body masses of individual organisms and does not consider taxonomic identity at all (e.g. Law et al., 2009). In still another approach, both the size and taxonomic identity of individual organisms are taken into account (e.g. De Roos et al., 2003; Hartvig et al., 2011). 

In the species-oriented approach, all individuals within a species are given the same body size and ecological parameters like intrinsic growth rates and per capita interaction strengths are assumed to be functions of this body size (using allometric scaling relationships) (Berlow et al., 2009; Brose et al., 2006a,b; Emmerson and Raffaelli, 2004; Jonsson and Ebenman, 1998; Otto et al., 2007; Yodzis and Innes, 1992). Specifically, both empirical work (Emmerson and Raffaelli, 2004; Wootton and Emmerson, 2005) and theory based on metabolic considerations (Lewis et al., 2008; O’Gorman et al., 2010) suggest that the per capita strength of interaction between predator and prey should depend on the PPMR. Thus, it has been argued that the distribution of species body masses and patterns of PPMRs in food webs should have important consequences for their dynamics and stability (Brose et al., 2006a, b; De Ruiter et al., 1995; Emmerson and Raffaelli, 2004; Jonsson and Ebenman, 1998; Otto et al., 2007). Moreover, it has been suggested that patterns in the distributions of body masses among species found in natural food webs are ones that lead to stability and facilitate the long-term coexistence of species (Brose et al., 2006a,b; De Ruiter et al., 1995; Emmerson and Raffaelli, 2004; Neutel et al., 2002; Otto et al., 2007).

 The purely species-oriented approach also assumes that all individuals within a species have the same diet and the same enemies. It does not account for the fact that individuals of many species pass through a broad range of body sizes (many orders of magnitude) during their life cycle. Such large size changes during the life cycle lead to ontogenetic and seasonal niche shifts (Ebenman, 1987, 1992; Ebenman and Persson, 1988; Hutchinson, 1959; Rudolf and Lafferty, 2011; Werner and Gilliams, 1984; Woodward and Warren, 2007; Woodward et al., 2010). This means that an individual might feed on different sized prey individuals and be preyed upon by different sized predator individuals at different stages of its life cycle. Thus, individuals with average body masses (species average) might never interact, and hence, estimates of per capita interaction strengths based on average body masses of species might be misleading: instead, only a subset of the predator population interacts with a subset of the prey population, so size refugia may exist that could promote coexistence within the food web. Indeed, we find that predator–prey mass ratios calculated from individual feeding events differ from ratios calculated from average body masses (see also Woodward and Warren, 2007 for the Broadstone stream food web and Nakazawa et al., 2011 for a recent analysis of the Barnes et al., 2008 marine food web dataset). Specifically, species averaging tends to underestimate the body mass ratio for small predators and overestimate the ratio for large predators (see above). Estimates of the strength of per capita interactions between predator and prey species to be used in dynamic models should be based on the body mass ratios of interacting prey and predators individuals, (though this would also require reliable estimates of the size distributions  of the species in the whole environment not just those used to determine  diets). These are, in a sense, the true PPMRs, while body mass ratios calculated from species averaging (mean mass of predator species divided by mean mass of prey species) might lead to erroneous conclusions about the dynamics and stability of ecological communities. 

Many ecologists working with marine pelagic ecosystems have developed a purely size-oriented modelling approach, in which individual organisms are only classified by their size and taxonomic identity is not considered. Here, it is the dynamics of the community size spectra itself that is of primary interest (e.g. Benoit and Rochet, 2004; Law et al., 2009; Silvert and Platt, 1978). A problem with this approach is that it cannot be used to explore the effects of perturbations like species losses. To do that, size spectra need to be disaggregated into component species, as pointed out by Law et al. (2009). Accounting for size as well as taxonomic identity of individuals makes it possible to assess the risk and extent of secondary extinctions following the loss of a species. However, so far, most models of this kind have been relatively simple, dealing with webs consisting of only a few species (De Roos et al., 2003, 2008; Persson and De Roos, 2007; Persson et al., 2007).

4.5.4  Caveats 

The main rate-limiting step to conducting an individual-based comparative analysis of species and size-based food webs has been the scarcity of suitable data, and although we now have access to seven study systems, all of them are aquatic and all bar the Celtic Sea are from running waters. It has often been proposed that aquatic systems are inherently more strongly size structured than terrestrial systems (Shurin et al., 2006; Yvon-Durocher et al., 2011), and it would therefore be instructive to carry out similar studies in the latter. Unfortunately, such data are not yet available, and this represents a considerable research gap that clearly needs to be addressed.

Another caveat that should be borne in mind is that, in common with all other published food webs, our seven study systems are to, differing degrees, partial descriptions of real networks, largely due to logistic constraints. For instance, the Celtic Sea contains only fishes, whereas the Afon Hirnant, the three Chilean Streams and Broadstone Stream contain only invertebrates. In the latter case, this is because the stream is naturally acid and hence fishless (although it has since been invaded by brown trout as pH has risen; Layer et al., 2011), but in the other four streams, the fish assemblages were not sampled. The Tadnoll Brook is the only stream food web that includes both fishes and invertebrates, so in this sense, it is intermediate between the other streams and the Celtic Sea in terms of the absolute size range of organisms it contains. Nonetheless, it seems that many of the patterns we have observed here are consistent despite these differences, even among food webs with no species in common or with very different biogeographical histories, which gives us some confidence when generalizing or extrapolating to other systems. One response variable we should be perhaps be particularly cautious about relying on is TH, as this was calculated from the partial food webs and hence included no autotrophic species, which will inevitably lead to some uncertainty in the estimates.

All of these food webs focus almost solely on animal–animal interactions in which the predators engulf their prey in its entirety. This is largely due to our desire to standardize across systems where possible, but care should be taken to remember that predatory interactions that include truly carnivorous predators or filter feeders, as well as detritivorous and herbivorous interactions, are not included here. These interactions can be problematic when assessing size structure, as the resources are often modular, amorphous, or damaged beyond recognition, so no clear individual size can be assigned. It is less problematic to consider herbivory in aquatic systems where single-cell primary producers are consumed (e.g. Cohen et al., 2003; Layer et al., 2010a,b) than is the case for terrestrial systems where substantial supporting structures are often necessary and modularity is common. As such, the individual and size-based approaches based on gut content analysis used here may simply be inappropriate to apply in all circumstances. That is not to say, however, that trophic size structure will be absent from these types of interactions (e.g. Humphries, 2007; McCoy et al., 2011; Novotny and Wilson, 1997; Rall et al., 2011).





In short, we have shown that many predator–prey body mass relationships in aquatic food webs (e.g. prey mass, PPMR, prey body mass range, TH and out-degree as functions of predator or species body mass) scale differently depending on the level of organisation of the empirical data analysed. Defining interacting entities within a food web as individuals or as aggregations into species or size classes will clearly affect our perception of the size structure of ecological communities. A key question that remains to be answered is: to what extent can this approach be extended to terrestrial systems? It seems reasonable to suggest that for many true predator–prey interactions similar size constraints will apply. Some important obvious exceptions spring to mind, however, when we consider large land carnivores that hunt in packs and that eat prey considerably larger than themselves. This is analogous to orcas that specialise on other cetaceans, but this type of pack hunting of larger prey is evidently a far less common feeding mode in water than it is in land. Also, parasitoids (which are especially prevalent in terrestrial systems) and parasites appear to be potential exceptions to size-based rules of trophic interactions (see Henri and vanVeen, 2011), although we can only speculate in the absence of comparable data (but see Cohen et al., 2005). The interactions at the base of the web between primary consumers and modular organisms are challenging to view from an individual-based perspective, but it might be that by focusing on the modules that are actually interacting (e.g. the leaf rather than the tree as the prey item) as the entities of interest, such an approach could be usefully applied.

Another important task for future research is to investigate how complex, size-structured food webs might respond to large permanent perturbations like species losses (Rudolf and Lafferty, 2011). Are webs with certain distributions of body sizes more robust to species loss than webs with other distributions? For instance, in terrestrial ecosystems, herbivores are often much smaller and have shorter generation times than their resources (e.g. small insects feeding on large trees), while the opposite is true in aquatic ecosystems (e.g. large zooplankton feeding on small phytoplankton) (Shurin et al., 2006). What are the dynamic consequences of this major difference in the size structure between aquatic and terrestrial ecosystems? How will it affect the risk and extent of cascading extinctions following the loss of a species? Moreover, how does the life cycle of a species affect its keystone status? Would loss of species in which individuals pass through a broad range of body sizes during their life cycle have more far-reaching consequences than the loss of species in which individuals do not grow in size after the age of independence? Developing a new generation of size-structured food web models (Hartvig et al., 2011) in combination with gathering new data on the size structure of aquatic and terrestrial food webs (based on individual feeding events) offers a promising means of shedding new light on these and other related questions.






The novel approaches developed here have allowed us to explore the role of both size and taxonomy simultaneously and to investigate the consequences of aggregating data (species averaging). The new insights gleaned from this are predicated upon using an individual-based approach, which has to date been largely ignored in food web ecology. This may seem strange with the benefit of hindsight, as interactions ultimately occur between individuals, but it is only in recent years that even species-averaged body size has started to be recorded routinely in food web studies: after all, the first paper to document the numerical abundance and body mass of species as well as their trophic interactions was published less than a decade ago (Cohen et al., 2003).
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5.1 Abstract




Ecologists have been examining the binary structure of food webs, looking for regularities for several decades (reviewed in Dunne 2006, Bersier 2007). The rationale behind this search is that it might enable us to understand the dynamics of ecological communities because “structure always affects function” (Stogatz 2001).  A pattern of particular interest is the relationship between the species richness and connectance of food webs, also known as the Diversity-Complexity relationship (McCann 2000).  Interest in this relationship stems largely from the theoretical work which showed that large (species rich), highly complex (connected) food webs were unlikely to be stable and therefore should not exist in nature (May 1972, Pimm 1984, Allesina and Tang 2012). Amidst much debate (e.g. Warren 1994, Martinez 1992), an increasing number of comparative studies on compilations of food webs of different sizes have yielded the expected pattern of a decline in connectance as species richness increased (Rejmánek and Stary 1979, Sugihara et al. 1989, Riede et al. 2010).
Early advances in the field were criticised for the poor quality of the empirical data on which they were based (Paine 1988, Polis 1991, Hall and Raffaelli 1993). In light of these criticisms efforts were made to increase and improve sampling. Yet concerns about data quality have not disappeared, and are vindicated by studies of gut content analysis, where even when an attempt has been made to completely resolve the links, the diets of many of the species are only partially determined. For example, the number of samples of a consumer species is often found to be a good predictor of its diet breadth (Woodward et al 2010, Melian et al 2011, Chapter 4). Such correlations suggest that sampling/observer biases are still influential.
Many investigations have shown that several patterns in the binary structure of food webs can be susceptible to sampling effects (Golwasser and Roughgarden 1997, Martinez et al 1999, Bersier et al 1999, Banašek-Richter et al. 2004), and the relationship between species richness and connectance is no exception to this. Bersier et al. (1999) carried out simulation studies which showed us that at low to intermediate levels of sampling, even if in reality there was a constant relationship between connectance and species richness, it would appear as though the relationship was negative. In light of such constraint imposed by sampling, it would be useful if there was a means to infer the true relationship between species richness and connectance. Here we recreate and extend the findings of Bersier et al. (1999), demonstrating for the first time that the way the observed pattern of the species richness-complexity relationship changes with increasing sampling effort depends on the true underlying pattern. This allows us to overcome the sampling artefacts and to indirectly infer the ‘true’ relationship between species richness and binary connectance. 
5.3 Methods
5.3.1 Generating the food webs
We simulated five sets of eight food webs whose underlying complexity – species richness relationship was either constant, increasing or decreasing. All the simulated webs were random graphs (Erdos and Reyni 1960), the simplest phenomenological model of network structure. Webs were generated by specifying the number of nodes and their connectance (probability of drawing a link between nodes). All sets had eight webs described at levels of species richness from 25 to 200 in steps of 25.  The first three sets of webs were of high (0.3), medium (0.2) and low (0.1) constant connectance. The fourth set defined linearly increasing connectance ranging from 0.1 to 0.3. The fifth set defined linearly decreasing connectance ranging for 0.3 to 0.1. For each set of webs, we also generated the networks using either homogenous species abundance distributions (where each node had identical abundance) or heterogeneous species abundance distributions (where nodes were assigned an abundance at random from a uniform distribution). One thousand replicate webs were made for each species richness x abundance distribution x complexity-richness relationship. 
5.3.2 The sampling process
The sampling of links mimicked in principle the typical sampling process used in constructing food webs by gut content analysis. First, we sampled a specific number of individuals weighted by the abundance of each node such that the same species could be sampled many times. Second, for each individual sampled, we assumed that one prey item had been found associated with it. This prey item was randomly sampled from the appropriate column of the food web adjacency matrix, weighted by the abundance of the different prey species. If the individual we sampled was a basal species then no prey species was associated with that sample. A feature of this sampling process is that the maximum number of species that could be found associated with a particular sample was twice the size of the sample (up until all species had been recovered), whereas the maximum number of links that could be recovered equalled the number of samples taken. We explored a gradient of sampling efforts between 25 and 12,800 samples split into ten levels, each twice the size of the one preceding it.
5.3.3 Visualising and comparing the patterns
To visualise the relationship between sampled webs and the underlying complexity – species richness relationship, we plotted, in conventional fashion, complexity on the y-axis, and species richness on the x-axis (Fig. 5.1). 
To test whether we could detect the true connectance-species richness relationship underlying the data, we examined how at different levels of species richness the cumulative mean linkage density (L/S or C*S) varied with samples size. We asked whether we could differentiate the patterns and whether our ability to do this was affected by the type of abundance distribution. We examined the cumulative mean link density and plotted it against the sampling effort for the different levels of species richness.  In order to generate a convenient metric for comparison of the different patterns, we fit a saturating Michaelis-Menten curve to these data, estimating the half saturation and asymptote parameters (e.g. Fig. 5.2). These parameters were used to reveal underlying pattern with the following algorithm:
Step 1 - We find that the asymptotic cumulative mean link density estimated, for any given species richness, is always highest for high connectance webs (Fig. 5.3a and b), so we can infer the true connectance as follows.  Let us consider a 200 species web with homogenous abundances. After 12,800 samples, if we find this has an asymptotic cumulative link density of 16.66, we can then infer from an expectation, based on our assumptions about sampling, that this web has a connectance of 0.3. This method of inference becomes possible so long as we have a good estimate of the web’s species richness and know precisely how many samples we have taken. A similar a calculation could also be made using the half saturation parameter (Fig. 5.3c and d).  


















Figure 5.2. (next page) The cumulative mean link density (L/S) for the five different patterns (represented by the different colours) for different levels of sampling effort. The curves fitted for each pattern follow a Michalis-Menton functional form. Panel a. is the case for webs with 50 species, b for 100 species and c for 150 species. All three panels depict webs with heterogeneous abundances, 

All simulations and analysis were carried out in ‘R’ version 2.14.2 (R Development Core Team 2012).
5.4 Results
Similarly to Bersier et al. (1997) we found that, at realistic sample sizes, whether the underlying pattern was decreasing (Fig 5.1a) or constant (Fig 5.1b-d), the observed relationship is declining (Fig 5.1a-d). This is particularly true under a pattern of high constant connectance, compared to the medium and low cases; the decline is much steeper. The mismatch between the true and observed pattern was accentuated when abundances were sampled from a heterogeneous distribution (Fig 5.3). Interestingly, a pattern of increasing species richness (Fig 5.1e) generated a unique, hump shaped “sampled” pattern.  This is due to the impossibility of finding higher values of connectance at the lower levels of species richness in our simulations. 
5.4.1 Inferring the pattern
The ability to infer the correct pattern arises only in comparisons made among several webs in a collection.  First, we can distinguish increasing from constant or decreasing via the hump shaped pattern in Fig 5.1e.  Second, our plots of asymptotic link density against species richness accurately revealed declining, constant and increasing processes (Fig 5.2 a-c). 
The nature of the underlying pattern can be captured and summarised using the asymptote or half saturation parameters. For example, when the asymptote is plotted against the species richness of the webs, we find a saturating curve for the constant connectance patterns, a declining connectance webs show hump shaped patterns, and the increasing connectance pattern appears to be an almost straight line (Fig. 5.3 a-d). Finally, our assessment of the underlying abundance distribution shows that we need this information to capture both the quantitative and qualitative features of the process; but without it, we can still capture the qualitative shape.
5.5 Discussion






Figure 5.3. The parameters of the Michalis-Menton curves for the webs of different species richness for the five different species richness-connectance patterns. Panels a and b show the half-saturation parameter, whilst c andd show the asymptote parameter. Panels a and c are for the case where abundances were homogenous, whilst b and d show the case where the abundances were heterogenous.


ensure a standardised sampling procedure across webs, then it should be possible to correctly infer the true diversity-complexity relationship. Doing so requires that we capture accurately the sampling process in a simulation model; but if this can be done it is then possible to infer increasing, constant or decreasing complexity-richness processes underlying the data.
This analysis should be seen as a template for approaching this problem as there are several simplifications in our simulation model which may not hold in real situations. For instance, for this approach to work quantitatively, the shapes of the abundance distributions need to be known across the webs of different sizes and this data would have to be recorded at the time of gut content sampling. Similarly, any biases in the sampling effort across the species in the web, such as biases in the size distribution of species sampled (Chapter 4), would also have to be corrected for, either by ensuring greater evenness in the data collection process or through adding this process into the simulation. Currently, our method also assumes that every specimen sampled will have one, and only one, prey item in its gut; in reality the number of samples in a gut is highly heterogeneous, with many being empty (Melian et al 2011), this information could also be fed into the model and could either be made web specific or species specific.
Perhaps the most difficult aspect of reality to amend in the simulations would be the inclusion of often large, intra-specific variability in the number or identity of prey items an individual of a given species may be found to consume. It is thought that this variation could reflect the fact that not all individuals are feeding in a density-dependent fashion. To accurately account for this would perhaps require linking more mechanistic foraging models to sampling probabilities (e.g. Melian et al in review).  Furthermore, the extent that the shape of the web’s degree distributions (the probability distribution of the number of connections any one species has to others) could affect the findings should also be investigated. If this were found to have a large effect it would pose a particular difficulty as we cannot accurately know a particular web’s degree distribution unless we have a completely sampled food web, which as we have shown is close to impossible to achieve, especially for large food webs. 
Irrespective of whether any of the above adjustments can be made, it is crucially important for empirical studies aimed at making any between-web comparisons to adopt a standardised sampling procedure (Woodward et al 2005, Brown et al 2011). This and previous studies suggest that without this such comparisons may lead to erroneous conclusions, and as we show, prevent any method for inferring process from noise from working.  In summary, we have shown that sampling (observer) bias can have a major impact on the patterns of species richness and complexity we observe among a collection of food webs.  As many more of these collections are now available, it is vital to acknowledge such influences.  However, our analysis here shows that it might just be possible, among these collections, to infer the underlying relationship (process) generating these patterns.
As a final thought, whilst it is acknowledged that considering the binary structure of food webs has been of crucial importance to development to the field of food web research, it should be borne in mind that our approach suggests a major value in non-binary data.  Binary webs, by their very definition, treat all links equally. But through our attempts to get a ‘complete’ picture of the binary structure of a web, we are at risk of biasing our understanding by considering what are perhaps negligibly weak links on an equal par with the very commonest. Given that, as we show, in order to get an accurate depiction of the binary structure of a food web we must use a standardised sampling process and record the order in which species and links accumulate, and that this information is just what is needed to construct a quantitative network, it is perhaps time to switch our attentions to these more complete descriptions.  Especially, as it is thought that quantitative networks are likely to be more robust to sampling effects (Banašek-Richter et al 2004). Quantitative food webs, being more information rich, would also likely prove fertile ground for rigorously testing and comparing new probabilistic models of food web structure (Allesina and Pasual 2009, Williams and Purves 2011). Even then it will likely be useful to use simulation models to help correct for sampling biases in the data.
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In this thesis I have demonstrated that understanding the foraging behaviour at the level of individuals provides us with novel and useful insights into the causes of patterns in food webs structure, the likely consequences of extinctions in food webs, as well as enabling us to build theoretical tools to compensate for the sampling effects that have dogged food web data sets. In Chapter 2 I showed how allometries of individual foraging behaviour (handling time and attack rates) are linked across scales of organisation to community level allometries.  This strongly suggests that understanding the variation of size structure among ecological networks requires knowledge about the causes of variation in individual foraging behaviour.  Understanding how individuals alter their foraging decisions following the extinction of one or more of their prey items is crucial if we are to properly characterise the robustness of food webs. In Chapter 3 I presented some of the first modelling to explore, from the mechanistic stance of allometric optimal foraging theory, the consequences of species adaptively responding to the loss of their prey; our results show that it is only under certain circumstances that rewiring can greatly increase the robustness of model food webs.  The results presented in Chapter 4 reminds us that the patterns at higher levels of ecological organisation are often of poor resolution and suffer from effects of species averaging, which could mislead predictions concerning the dynamics of ecological communities and their response to different kinds of disturbances. Thus, there is great value in collecting food web data and examining predator:prey size ratios at the level of interacting individuals. Chapter 4 also reminds us of the obfuscating consequences of sampling effects for our understanding of food web patterns, which is why in Chapter 5 I develop and test a framework to compensate for these sampling effects through constructing an observational process model based on our understanding of how sampling interacts with the foraging behaviour of individual consumers. The ideas presented in this chapter define an algorithm and template on which we may hopefully infer successfully the true patterns among food webs. While the implications of each of these specific findings have been detailed in the previous chapters, I will provide a brief overview of how this work has contributed to our understanding of key concepts in food web theory, and how these findings have helped advance the emerging synthesis in food web theory described in Chapter 1.
6.1 Linking levels of ecological organisation 
Food web patterns are sometimes said to be emergent properties (Dunne et al 2004, Emmerson and Yearsley 2004); that is to say that they have features that are not fully explainable in terms of their constituent parts and therefore must be studied as ‘wholes’. Whilst it is undoubtedly the case that ecosystems are structured into hierarchical levels of organisation, others of a more reductionist persuasion argue that ‘X is an emergent property’ is just euphemism for ‘we haven’t yet found a mechanism for X’ (Hempel and Oppenheim 1948). A reductionist approach to science, when applied to a hierarchical structure, must therefore take on two tasks. First it must find the constituent parts of a system. But this is not sufficient; it must then attempt to piece the system together again to recapture its complexity. It is at that synthetic stage that we should expect to discover if there are emergent processes at work (Wilson 1998).
In terms of food web research this might mean, for example, using our understanding of the behavioural ecology of individual organisms to understand the arrangement of interactions between species in an ecological community (Woodward et al 2005, Beckerman et al 2010, Stouffer 2010, Yvon-Durocher et al 2011, Petchey and Dunne 2012).  In Chapter 2 of this thesis I conducted an in silico experiment to advance our understanding of the links between these two levels of organisation. Using a modified version of the Allometric Diet Breath Model (Petchey et al 2008), I showed how variation in the allometries of attack rate and handling time can plausibly explain variation in patterns of how the number of predator or prey species a species in a food web is connected to varies with its body size. My work also revealed that this relationship is mediated by the shape of the community’s body size distribution. This is the first such study to provide us with a mechanistic insight as to how such topological allometries might emerge.
6.2 Understanding the consequences of species extinction
The exceptionally high rates of extinction we are currently experiencing has led ecologists to attempt to predict the consequences of species loss for our planet’s ecosystems (Pereira et al. 2010, Hoffman et al. 2010, Brose 2011). This has resulted in many studies investigating the persistence and robustness of food webs (reviewed in Montoya et al 2006, Brose 2011). However, these studies have tended to ignore adaptive responses of consumer species to the loss of their prey from the communities.  This is a significant gap in our understanding. I demonstrate in Chapter 3 that allometric optimal forging theory can help us achieve important insights into the adaptive responses of consumers and plausible limits to the topological plasticity of food web networks. I showed that adaptive rewiring can, in certain circumstances, greatly increase the robustness of a food web, but there are two important caveats. Firstly, the effect of rewiring is heavily dependent on the sensitivity of predators to the loss of their preferred prey items, and secondly, that the extent of topological plasticity of a web is limited by the size distribution of the community. These are all novel insights that will hopefully direct future studies investigating the effects of extinctions on ecological communities.
6.3 Overcoming the effects of species averaging
With efforts to scale up explanations of food web structure from individuals to ecosystems, now in full swing, there is a growing need for individual based, empirical food webs which record data on the feeding interactions at the highest resolution possible (i.e. between individuals involved) and quantify key traits, thus providing us with a firm foundation to scale across levels of ecological organisation (Ings et al 2009, Woodward and Warren 2007, Woodward et al 2010). The results from Chapter 4 show, in one of the first analyses of such individual based data, that that species averaging (as is currently commonly used in food web studies) can obscure interesting patterns in the size structure of ecological communities. This serves as an important reminder that when linking between levels of ecological organisation one needs to account for averaging effects in the patterns you are trying to recreate, in order to draw the correct conclusions about the mechanisms involved.
In our analysis of the individual based data we also noticed important differences in the patterns that were detected in the size-structure of food webs when individuals were grouped taxonomically compared to when they were grouped into size classes; for example the slope of the prey body mass as a function of predator body mass was greater in the size class case compared to what was found using species-aggregated data. We must be careful when making predictions about these communities with either a size based or species based approach that we use the appropriate relationships to parameterise our models.
6.4 Overcoming sampling artefacts
Both under-sampling and sampling bias have been perennial problems for food web research, hauntingly questioning the reality of the patterns that ecologists have observed (Winemiller and Polis 1996, Goldwasser and Roughgarden 1997, Bersier et al 1999, Martinez et al 1999). Heroic attempts have been made in response to such critique and insight, to construct well-resolved food webs. Yet due to the inherent size and complexity of the systems being studied, it is only natural that we should struggle to be able to completely ascertain all the links in a food web. Unfortunately redoubling our efforts and taking larger samples is not a realistic option. Instead, I believe that in order to overcome these problems it will be necessary to develop statistical modelling tools, as have been used in other areas of ecology and fisheries science, which separate and estimate observational processes from biological ones. My view is that we will be more successful at achieving this if we return to first principles and construct these observational models around our understanding of the foraging behaviour of individual organisms.  It is to this aim that I constructed a simple individual based simulation model, which I then used to develop and test a framework to compensate for sampling effects so as to overcome the limitations noted in other studies (e.g. Beriser et al 1999). I demonstrate, I believe for the first time, that it is possible to indirectly infer the correct pattern between binary connectance and species richness in an incompletely sampled food web.  I view this as the first step in laying down a foundation on which future studies can develop.
6.5 Summary
The results of this thesis contribute to the growing synthesis of ideas linking individuals to ecosystems, taking us from behavioural to community ecology. I have developed new mechanistic models and analysed novel individual based data sets to survey and enrich these links across levels of organisation. Furthermore, I have used the insights gained from the individual level to inform our understanding of the topological robustness of adaptively rewiring networks, and the development of a new observational model to help compensate for sampling error. These findings provide the foundation for further investigations. 
In particular I conceive of two important goals for food web ecology in the near future. Firstly, the development of a standardised sampling procedure is crucial, ideally with the aim of constructing quantitative individual based food webs.  Such and effort will facilitate reliable comparisons among them, in a way that allows us to appropriately benefit from the assistance of models that account for observational error. Secondly, the further development of dynamic models that contain adaptive consumers would offer a fascinating new perspective. Linking mechanisms embodied in topological models such as the the ADBM to the bioenergetic population dynamic models would combine numerous features of individuals, species and communities, allowing analysis of webs that could rewire dynamically as a function of population size fluctuation, extinctions, or the arrival of new species. It is intriguing to hypothesise whether such dynamical models would lead to the repeated emergence of particular network structures. Similarly, one might want to know how and when such webs might be persistent and stable given different perturbations or what species turnover rates would occur given a range of invasion pressures. It certainly seems as though exciting times lie ahead for food web research.
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SUPPLEMENTARY MATERIAL TO CHAPTER 2  

The consequences of size dependent foraging for food web topology.


Comparison of webs where connectance was fixed and where it was allowed to vary.
Methods
We created a second collection of food webs to look at (i) how connectance would vary as we changed the other parameters and (ii) what effect relaxing this constraint would have on the size structure of the webs. The dataset contained both webs where ɑ was (i) fixed, so connectance could vary and (ii) varied to fix connectance. The parameters were not varied factorially (as in the first collection), rather the values of the seven parameters were set at ɑi = -4.2, ɑj = -1.9, b = 0.24, Ci = 0, Cj = 0, σ = 6.5. Each of the parameters (excluding connectance) was varied in turn at five different levels, which were evenly spaced between the largest and smallest values in Appendix 1 table 1. One hundred replicates of both variable and fixed connectance were made for each level of each parameter as it was varied.
Results
Which parameters affected connectance?
When ɑ was fixed two parameters had particularly dramatic effects on connectance, increasing σ resulted in the webs being more connected and increasing ɑj resulted in the webs being less connected. Increasing b and ɑi  both slightly increased connectance. Whilst altering Ci and Cj made little difference to the connectedness of the webs (Appendix I Fig. 1).  
What effect did allowing connectance to vary have on size structure?
GMC
There were large effects of allowing connectance to vary on GMC (Appendix I Fig. 2).  However all these changes were consistent with the changes we see in connectance. GMC was found to increase in the main analysis (Fig. 2.1), and this is still the case.  So that whilst we found that increasing ɑi was positively related to GMC as opposed to the previous pattern of a decrease in GMC with increasing ɑi, this can be seen as consistent with the increase we found in connectance. Likewise, the parameters b and σ that increased connectance as they increased, and which had some but limited affect on GMC when connectance was fixed, were now seen to have much larger effects. And in the same way we can understand that there was no alteration to this aspect of size structure in the effect of Ci and Cj, because they did not greatly alter connectance. Whereas ɑj‘s (which decreased connectance) effect of decreasing GMC was exacerbated.
VMC
Initial inspection of the patterns of differences revealed some trends which were harder to explain than those of GMC. The main analysis (Fig. 2.1) suggested that VMC should scale negatively with connectance, although there was no difference between the median values of VMC when connectance was 0.05 and when it was 0.1. The lack of effects of Ci and Cj, could be accounted for in the same way as for GMC, by the fact that they had little influence on the value of connectance. The exacerbation of ɑi’s negative relationship with VMC was also comprehensible.
There remained however three notable exceptions to our predictions of changes in size structure based on an expectation that VMC should decrease with increased connectance. These were that VMC did not decrease with increases in b despite an increase in connectance; that VMC decreased with increasing ɑj despite connectance decreasing and that for low values of σ (which had a positive relationship with connectance) VMC initially increased.
The explanation is that there was in fact a hump-shaped relationship between connectance and VMC, and that decreasing VMC below 0.05 (which was not looked at in the main analysis) caused VMC to become more negative. This relationship accounts for why VMC initially increased with increases in ɑj. and σ before decreasing despite their opposite effects on connectance. The range of values of connectance which were encountered whilst altering b happened to lie at the peak of the hump and therefore there was little effect of b seen on VMC.
































Appendix I Figure 1. The variation in the connectance of the model webs were the constant ɑ was fixed as the different parameters were varied. Black lines represent the medians and the boxes demarcate the 25-75% intervals.






















SUPPLEMENTARY MATERIAL TO CHAPTER 4  

Seeing Double: Size-Based and Taxonomic Views of Food Web Structure.



















































































Appendix II Figure 3. Yield–effort curves for the 26 size classes in Broadstone Stream containing individual predators or prey. Red (dark) curves show the cumulative out-degree (vulnerability) and blue (light) curves show the cumulative in-degree (generality) as functions of the number of prey or predator individuals sampled within a size class, respectively. Individuals are sampled in order of increasing size within their size class. The dashed lines denote the theoretical maximum in- or out-degree for a size class, assuming size classes only feed on size classes smaller or equal to itself in size.



















































































































































































































































































































































Appendix II Table 3 Statistical data for the multiple linear regression OLS models a.
APPENDIX III

FRONTISPIECES OF ADDITONAL RELATED PUBLISHED MAUSCRIPTS TO WHICH I HAVE CONTRIBUTED DURING MY POSTGRADUATE STUDIES, BUT THAT ARE NOT SUBMITTED AS PART OF THIS THESIS.  
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Box 4.1



	


